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ABSTRACT 
Autoinducer 2-based Quorum Sensing Response of Escherichia coli to Sub-therapeutic 
Tetracycline Exposure.  (August 2004) 
Lingeng Lu, B.M.; M.M., Shanghai Medical University 
Chair of Advisory Committee: Dr. Suresh D. Pillai 
 
Autoinducer 2 (AI-2) is a quorum sensing signal employed by bacteria to coordinate 
their response to environmental stresses. The objective of this study was to determine the 
relationship between presence of AI-2 molecules, exposure to sub-therapeutic tetracycline, 
the expression of genes associated with the conjugal transfer of antibiotic resistance 
plasmids, and the conjugal transfer of these plasmids in Escherichia coli. The studies showed 
that AI-2 activity increased in Tets E. coli in the presence of tetracycline (2 µg/mL) under 
both batch and continuous culture conditions. The presence of AI-2 molecules induced 
tetracycline tolerance development in Tets E. coli.  The studies showed that the survival rates 
of Tets E. coli exposed to AI-2 molecules were significantly higher compared to the cells not 
exposed to AI-2 molecules or cells that were exposed to only LB (Lauria-Bertani) broth.  
Molecular analyses using real-time PCR indicate that the expression of at least one 
conjugation-associated gene (trbC) is increased 9-fold in cells exposed to AI-2 molecules in 
the presence of sub-therapeutic tetracycline compared to its negative controls. The 
transconjugation frequency of the plasmid RP4 carrying the tet(A) gene increased between 
10-100 fold in the presence of AI-2 molecules.  In companion studies, AI-2-like activity was 
detected in fish, tomatoes, cantaloupes, carrots and milk samples. Interestingly, ground beef 
and poultry meat contained substances that appear to inhibit AI-2 activity. Collectively, these 
 iv
results highlight the potential importance of bacterial quorum sensing signals such as AI-2 in 
the response of bacterial cells to environmental stimuli and the possible role of quorum 
sensing signals in the quality and safety of foods. 
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CHAPTER I 
INTRODUCTION 
 
 RATIONALE 
Antibiotics are used widely in clinical medicine for treating infections, and also at 
sub-therapeutic concentrations as animal growth promoters (Huges and Heritage, 2002; 
Roberts, 1996). Tetracyclines are used routinely in animal production (Roberts, 1996). 
They are bacteriostatic agents, which inhibit bacterial growth by preventing the binding 
of aminoacyl-tRNA to the ribosome, thereby interfering with protein synthesis. The 
overuse of tetracyclines has been thought to contribute to the emergence of tetracycline 
resistance in pathogens and commensal bacteria (Levy, 1986; Roberts, 1996; Blake et al., 
2003a, 2003b; Bahl et al., 2004). Bacteria become resistant to tetracyclines either through 
mutations in 16S rRNA or by the horizontal transfer of tetracycline resistance 
determinants (tet genes). These genes mediate tetracycline resistance by the mechanisms 
of efflux pumps, ribosome protection or enzymatic degradation. Tetracycline resistance 
based on mutations in 16S rRNA is rare (Chopra and Roberts, 2001; Trieber and Taylor, 
2002). In contrast, tet genes are thought to be the primary mechanism mediating 
resistance (Roberts, 1996; Trieber and Taylor, 2002).  
Quorum sensing can be defined as a process by which bacterial cells coordinate 
their responses to various stimuli by means of signal molecules termed autoinducers (AI). 
Autoinducers have been shown to accumulate in cells and their surroundings as the cell 
density increases (Miller and Bassler, 2001; Sperandio et al., 2001, 2002a, 2002b).  
 
This dissertation follows the style of Molecular Microbiology. 
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This coordinated regulation of gene expression could permit a group of bacteria to 
function as a “single unit”, allowing them to withstand environmental stresses and host 
defense mechanisms. Autoinducer molecules act upon specific sets of target genes 
through different regulatory mechanisms, resulting in the modulation of a number of 
cellular functions such as bioluminescence, pathogenicity, biofilm formation, competence 
development and transconjugation (Miller and Bassler, 2001; Oger and Farrand, 2002; 
Sperandio et al., 2001, 2002a, 2002b; Steinmoen et al., 2002). Escherichia coli produce 
AI-2, but not AI-1 molecules (Surette and Bassler, 1998). It has been shown that the 
production of AI-2 is influenced by a number of environmental factors (DeLisa et al., 
2001a, 2001b). The relationship between antibiotic exposure and the production and 
sensing of quorum sensing signals, however, is still largely unknown. Furthermore, the 
role of quorum sensing AI-2 signals in the transfer of antibiotic resistance genes (e.g. tet 
genes) is still poorly understood. The realization that microbial contaminants can be 
transmitted from the farm to the table through foods also raises questions about the 
potential activity of microbial quorum sensing associated with foods and food 
ingredients. Since quorum sensing mediates a wide variety of bacterial processes such as 
virulence expression, biofilm formation and plasmid conjugation, I hypothesized that 
exposure to sub-therapeutic concentrations of tetracycline and the development of 
tetracycline resistance are related, and mediated via AI-2-based quorum sensing signals. 
This study was aimed specifically at identifying the relationships in E. coli that exist 
between exposure to sub-therapeutic concentrations of tetracycline, acquisition of 
tetracycline resistance genes, and the expression of genes related to conjugation, as a 
function of the presence of AI-2 signals. Complementary studies investigating the 
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possible presence of AI-2-like molecules or activity on selected food and by food 
additives were also conducted. The overall rationale of these studies was that if the above 
relationships are understood, it would be possible to design specific strategies to reduce 
the emergence of antibiotic resistance phenotypes among enteric bacteria by modulating 
quorum sensing mechanisms either at pre-harvest or post-harvest stages of food 
production and processing.  
 
OVERALL OBJECTIVE OF THE STUDY 
The overall objective of this study was to identify the relationships existing between 
exposure to sub-therapeutic concentrations of tetracycline, the development of 
tetracycline resistance, expression of specific microbial genes and the exposure to 
quorum sensing-related AI-2 molecules in E. coli. 
 
SPECIFIC OBJECTIVES 
1. To understand AI-2 activity in tetracycline resistant and tetracycline sensitive E. 
coli under batch culture conditions. 
2. To understand AI-2 activity in chemostat-cultured E. coli and enteric bacteria 
under conditions to simulate the gastrointestinal tract of poultry. 
3. To identify the relationship between exposure to sub-therapeutic concentrations of 
tetracycline, exposure to AI-2 molecules, conjugation-related gene expression in 
E. coli, and conjugal acquisition of tetracycline resistance encoding genes. 
4. To screen selected foods for the presence of AI-2 molecules and identify which 
certain food ingredient can mimic AI-2 activity.  
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CHAPTER II 
LITERATURE REVIEW 
 
 SUB-THERAPEUTIC ANTIBIOTIC ADMINISTRATION IN ANIMALS 
Antibiotics such as tetracyclines are used at sub-therapeutic concentrations as 
growth promoters in animal feed. Most food animals around the world receive antibiotics 
at sub-therapeutic concentrations via feeds. According to the European Federation of 
Animal Health (FEDESA) data, more than 1,500 tons of antibiotics are used annually for 
animal growth promotion (Ungemach, 2000). In Denmark alone, 107 tons of antibiotics 
were prescribed in 1997 for animal growth promotion, and in the Netherlands sub-
therapeutic antibiotic usage amounted to 300 tons (Van den Bogaard, 1997). In Canada, 
approximately 10 million kilograms of antibiotics are used each year in agricultural or 
aquacultural production (Stevenson et al., 2003; Khachatourians, 1998). In the United 
States, it is estimated that over 20 million pounds of antibiotics are used each year in 
animal husbandry (Animal Health Institute, 2003), and that the amount of antibiotics used 
annually for agriculture constitutes as much as 70% of antimicrobial drug consumption 
(Mellon et al., 2001). The antibiotics are usually fed to animals over extended periods of 
the animals’ lives. Tetracyclines are added to feeds at low concentrations (10-50 g/ton), 
and withdrawn only 3 days prior to slaughter in chickens and only 5 days prior to 
slaughter in cattle and swine (U. S. FDA, 2001). Sub-therapeutic concentrations of 
antibiotics are defined in the United States as being “less than 200 grams/ton of feeds” 
(Chopra and Roberts, 2001). Adding low concentrations of antibiotics to animal feeds 
helps in increased growth and feed efficiencies in farm animals such as pigs, cattle and 
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poultry (Chopra et al., 1992; Committee on Drug Use in Food Animals, 1999). The 
precise mechanisms by which they function are still poorly understood. The use of 
antibiotics at sub-therapeutic concentrations in animals, however, appears to enhance 
vitamin production by gastrointestinal microorganisms, eliminate subclinical populations 
of pathogenic organisms, and increase the intestinal absorption of nutrients (Committee 
on Drug Use in Food Animals, 1999).  
The use of chlortetracycline at sub-therapeutic concentrations was first discovered 
in 1949 to increase growth and enhance feed utilization in poultry (Stockstad, et al., 
1949). The growth-promoting properties of tetracyclines in poultry were confirmed and 
soon were repeated in swine and cattle, leading to the development of chlortetracycline 
and oxytetracycline as animal growth promoters (Gustafson and Kiser, 1985). In the 
United States, FDA approved use of chlortetracycline and oxytetracycline as feed 
additives in 1951 and in 1953, respectively (Institute of Medicine, Division of Health 
Promotion and Disease Prevention, 1998).  Currently, antibiotics that are approved for 
use at sub-therapeutic concentrations for growth promotion in the United States include 
ampicillin, chlortetracycline, dihydrostreptomysin, spectinomycin, tylosin, penicillin, 
monensin, oleandomycin, roxarsone, efrotomycin and bambermycin (Committee on Drug 
Use in Food Animals, 1999).    
The emergence of antibiotic resistant organisms caused by widespread antibiotic 
use for clinical treatment, prophylactic purposes and as animal growth promoters has 
become a major concern in human and veterinary medicine (National Academy of 
Science, 1999). The development of resistance in zoonotic bacteria consequently 
increases the risk of treatment failures (Holmberg et al., 1984; Phillips et al., 2004). 
 6
Based on the relationship between sub-therapeutic feeding of tetracyclines and other 
antibiotics to farm animals and the development of resistant human isolates, the feeding 
of tetracyclines and other antibiotics (at sub-therapeutic concentrations as growth 
promoter) has been banned in Europe (Chopra and Roberts, 2001; Casewell et al., 2003).  
The proponents of antibiotic use have, however, argued that the ban of antibiotics as 
growth promoters in Europe has been at the cost of animal welfare, since increased 
mortality and morbidity have driven up the demand for therapeutic use different 
antibiotics (Casewell et al., 2003; Phillips et al., 2004). The sales of therapeutic 
antibiotics such as tetracyclines have increased by 36 tons in Europe between 1999 and 
2000, after the European Union banned the use of growth promoters in 1999. There is 
currently no ban on the use of antibiotics such as tetracycline at sub-therapeutic 
concentrations in the United States (U.S. FDA, 2004).    
 
 
TETRACYCLINE RESISTANCE DEVELOPMENT IN ENTERIC BACTERIA 
Tetracyclines are a group of broad-spectrum antibiotics that are used routinely in 
therapy and as animal growth promoters due to its relative low cost (Schnappinger and 
Hillen, 1996; Teuber, 2001). A survey by the Animal Health Institute (AHI, 2003) 
showed that over 6.6 million pounds of tetracyclines were used annually during 2000-
2002 in animal husbandry in the United States. The widespread use of tetracyclines has 
been thought to contribute to the emergence of tetracycline resistance in pathogens and 
commensal bacteria (Levy, 1986; Roberts, 1996; Blake et al., 2003a, 2003b; Bahl et al., 
2004). Long periods of tetracycline administration at sub-therapeutic concentrations can 
cause a selective pressure on the commensal bacteria to become resistant. These 
populations, in turn, can serve as potential reservoirs of resistance-encoding genes for 
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horizontal gene transfer (Khachatryan et al., 2004; Blake et al., 2003a; Bahl et al., 2004; 
Shoemaker et al., 2001).  
Studies show that bacteria become resistant to tetracyclines either through 
mutations of 16S rRNA or by the horizontal transfer of tetracycline resistance 
determinants (tet genes). Tetracycline resistance based on mutation in 16S RNA is rare 
(Chopra and Roberts, 2001; Trieber and Taylor, 2002). In contrast, the tet genes encoding 
for efflux pumps, ribosome protection, or enzymatic degradation are major mechanisms 
that mediate tetracycline resistance (Roberts, 1996; Trieber and Taylor, 2002). These 
genes have frequently been identified on conjugative mobile elements such as plasmids, 
transposon and integrons. Examples of mobile elements include the tet(Q) in conjugative 
transposon CTnGERM1 (Wang et al., 2003), tet(M) in Tn5397 (Roberts et al., 1999),  
tet(A) in IncP plasmid RP4 (Pansegrau et al., 1994), tet(G) within a putative integron 
(Briggs Fratamico, 1999), and tet(M), tet(L), tet(S) in a member of the Tn916-Tn1545 
family of transposons (Huys et al., 2004). It appears that tet genes are transferred via 
horizontal gene transfer mechanisms such as conjugation between bacteria cells. 
Conjugation is the transmission of a single stranded DNA through a mating 
apparatus between a donor and a recipient cell, resulting in dissemination of antibiotic 
resistance. Two arbitrary steps, namely mating pair formation (Mpf) and the transfer of 
nicked single stranded plasmid DNA (in the relaxosome), are involved in the process of 
conjugation. Walmsley (1976) reported that pilus formation is a limiting step in mating 
apparatus formation under normal physiological conditions. The plasmid RP4 has been 
used extensively to study replication and regulation of gene expression (Jagura-Burdzy et 
al., 1991; Kornacki et al., 1993; Pinkney et al., 1988; Zatyka et al., 1994). RP4 genes and 
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their sequences have been well described (Lessel et al., 1992b; Ziegelin et al., 1991). The 
plasmid RP4 consists of two distinct regions, designated Tra1 and Tra2, encoding 
essential transfer functions (Lessl et al., 1992a, 1992b). Genes such as trbB, trbC, trbE, 
trbG and trbL, located in Tra2 region are responsible for encoding the essential 
components for Mpf system (Lessl et al., 1993). The trbC-encoded protein has been 
identified as the precursor of pilin, which is subsequently processed to form the pilus 
(Eisenbrandt et al., 1999; Sherburne et al., 2000). Novotny and Lavin (1971) reported that 
pilation reaches maximum at the end of the exponential phase of cell growth. In the Tra1 
region, traI gene encodes the relaxase enzyme. This enzyme binds to oriT of plasmid 
DNA to form the relaxosome, nicking the DNA to initiate its transfer when the 
appropriate signal indicating the formation of a stable mating complex is received.  The 
signal could arise from the binding of pilus on a donor cell and receptor on a recipient 
cell, and could be part of an Mpf component that resides at the outer-membrane side of 
the mating apparatus structure (Haase et al., 1995; Street et al., 2003). 
Studies have shown that biotic and abiotic factors such as cell density, growth phase 
of the donors and recipients, the presence of antibiotics, and nutrient levels control the 
conjugation transfer frequency (Smith, 1975, 1977a, 1977b; Fernandez-Astorga et al., 
1992; Muela et al., 1994; Blake et al., 2003b; Whittle et al., 2002a, 2002b; Bahl et al., 
2004). Conjugation frequency reaches maximal levels when donor-to-recipient ratios 
range from 1 to10 (Fernandez-Astorga et al., 1992), and when donor cells are at 
exponential or early stationary phase of growth (Muela et al., 1994; Blake et al., 2003b). 
It has been reported recently that conjugative plasmid-harboring bacteria tend to form 
biofilms in which gene transfer frequency is enhanced (Ghigo, 2001; Molin and Tolker-
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Nielsen, 2003). Whittle et al. (2002b) reported the presence of tetracycline at sub-
therapeutic levels results in an increase in transfer protein expression and a concomitant 
increase in the transfer frequency. The transfer rate of conjugative Tn916 increases in the 
presence of tetracycline (Showsh and Andrews, 1992). Very recently, an in vivo study 
suggested that the number of transconjugants was significantly higher for animals fed 
with tetracycline at sub-therapeutic levels than for those not exposed to tetracycline 
(Bahl, et al., 2004).  
 
BACTERIAL QUORUM SENSING 
Research over the last 20 years has revealed that bacterial cells can communicate 
with each other via the production and the sensing of signal molecules termed 
autoinducers (AI) (Bassler et al., 1994). It is thought that bacterial cells can coordinate 
their behavior by altering gene expression to withstand environmental stresses and host 
defenses (DeLisa et al., 2001b). This process of coordinately regulating gene expression 
via the production, release and perception of autoinducers is now known as “quorum 
sensing”. This phenomenon was the first observed and described in marine luminescent 
bacteria of Vibrio fischeri and V. harveyi (Nealson et al., 1970; Nealson and Hastings, 
1979). In these bacteria, light production is activated only when the cell population 
density reaches a critical value. Presently, it is believed that quorum sensing is a general 
mechanism for coordinating the control of gene expression in Gram-negative and Gram-
positive bacteria. A wide variety of physiological processes, including biofilm formation 
(Davies et al., 1998; Miller and Bassler, 2001), virulence (Kanamaru et al., 2002; 
Sperandio et al., 2001, 2002a), antibiotic biosynthesis (McGowan et al., 1995; Williams 
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et al., 1992), development of competence (Lee and Morrison, 1999; Steinmoen et al., 
2002) and conjugal transfer of plasmids (Oger and Farrand, 2002), are associated with 
bacterial quorum sensing. 
Bacterial autoinducer molecules.  A class of small molecular weight molecules is 
produced during bacterial metabolism. These molecules were thought of originally as 
“waste” during the detoxification of bacterial cells (Taga et al., 2003). Studies over the 
past several years have revealed, however, that at least some of these molecules can serve 
as “signals”, influencing gene expression when their concentrations reach a critical value 
(Bassler, 1999; Surette et al., 1999; Sperandio et al., 2001; DeLisa et al., 2001c; Martino, 
et al., 2003; Wang et al., 2001). The molecules have been termed as autoinducers, since 
they are produced by bacterial cells and can also diffuse back into cells to help them 
survive environmental changes via alterations in their gene expression patterns (DeLisa et 
al., 2001b). Generally, Gram-positive bacteria utilize oligopeptides as signals for 
communication (Miller and Bassler, 2001). These signals are post-translationally 
modified peptides (Fig. 2.1) and are exported outside bacterial cells via specific ATP-
binding cassette (ABC) transporters (Zhang et al., 2004). The expression of genes in 
Gram-positive bacteria is regulated by these signals through a two-component signal 
transduction system (Lazazzera et al., 1997; Soloman et al., 1995). In contrast, Gram-
negative bacteria use diffusible acylated homoserine lactones (AI-1) and furansyl-borate 
diester (AI-2) as signals (Miller and Bassler, 2001; Chen et al., 2002).  
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Fig. 2.1. Selected oligopeptides used as signals by Gram-positive bacteria (A) 
Staphylococcus aureus and (B) Enterococcus faecalis (the gelatinase biosynthesis-
activating pheromone) (Modified from Camara et al., 2002). 
 
 
 
Autoinducer 1 molecules. AI-1 molecules are a group of acylated homoserine lactones 
(Fig. 2.2).  They share common homoserine lactone rings that are covalently coupled 
with acyl-side chains of variable length, saturation and oxidation status (Figs. 2.2A, 2.2B 
and 2.2C). The acyl-side chain usually ranges from 4 to14 carbons in length, and may 
contain not only a hydroxyl or oxo group at C3, but also it can be saturated or 
unsaturated. The LuxI-type autoinducer synthase is responsible for the formation of AI-1. 
In vitro and in vivo studies have showed that the homoserine lactone rings are derived 
from S-adenoylmethionine (Jiang et al., 1998; More et al., 1996). The acyl-chain is 
provided via the appropriately charged acyl-acyl carrier protein (acyl-ACP) or acyl-
coenzyme A (acyl-CoA) (Jiang et al., 1998; More et al., 1996). Odd numbered acyl 
chains are believed to originate by a different pathway that uses propionyl-CoA and 
malonyl-CoA as respective starter and extender units (Lithgow et al., 2000). Recently, a 
quinolone-like AI-1 molecule was found in Pseudomonas, termed as the Pseudomonas 
quinolone signal (PQS) (Fig. 2.2F). In this molecule a quinolone structure replaces the 
homoserine lactone ring (Pesci et al., 1999). The precursor protein responsible for its 
A B 
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synthesis is still unknown. The quinolone structure is thought to be provided by the 
tryptophan pathway (Pesci et al., 1999). Another novel AI-1 molecule is diketopiperazine 
(Fig. 2.2G) (Camara et al., 2002; Holden et al., 1999), which can activate or antagonize 
LuxR-mediated quorum sensing systems. The proposed regulatory mechanism is that 
diketopiperazine competes for the AI-1 binding site on LuxR-type regulator (Holden et 
al., 1999). However, the physiological function of diketopiperazine is still unknown.  
AI-1 molecules are soluble organic molecules, which can be isolated using organic 
extraction methods. Short-chain AI-1 molecules such as C4-HSL can diffuse freely into 
and out of cells (Pearson et al., 1999). Although longer chains such as 3OC12-HSL can 
diffuse into the surrounding environment and re-enter cells by diffusion, their export out 
of the cells is thought to be enhanced by the mexAB-OprM loci and perhaps other efflux 
pumps (Evans et al., 1998; Pearson et al., 1999; Rahmati et al., 2002). AI-1-based 
quorum sensing is thought to be strictly specific for intra-species communication, 
regulating light production in Vibrio harveyi, biofilm formation in Pseudomonas 
aeruginosa, conjugation in Agrobacterium tumefaciens, and antibiotic production in 
Erwinia carotovora (Bollinger et al., 2001; McGowan et al., 1995; Oger and Farrand, 
2002). Recently, however, Smith and Ahmer (2003) reported that Salmonella spp. can 
use AI-1 produced by other species as a signal molecule. 
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Fig. 2.2. Structure of selected AI-1 molecules in Gram-negative bacteria. General 
structures of acylated homoserine lactone family of AI-1 molecules with either (A) –oxo, 
(B) –hydroxyl, or (C) no substitute at the carbon 3 of the acyl side chain. R1, R2 and R3, 
various numbers of carbons within the acyl-side chain. (D) N-butanoylhomoserine 
lactone (C4-HSL) and (E) N-(3-oxododecanoyl) homoserine lactone (3-oxo-C12-HSL) 
are produced by Pseudomonas aeruginosa. (F) 2-heptyl-3-hydroxy-4-quinolone 
(pseudomonas quinolone signal molecule, (PQS)), and (G) the diketopiperazine (DKP) 
are novel signals also produced by P.  aeruginosa (Modified from Camara et al., 2002). 
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Autoinducer 2 molecules. AI-2 are acid-stable and base-labile molecules, that are heat 
tolerant to 80°C, but not to 100°C (Surette and Bassler, 1998). They are produced by a 
large number of bacteria including as E. coli, Salmonella serotypes, Campylobacter spp., 
Vibrio cholerae and Shigella spp. (Cloak et al., 2002; Surette and Bassler, 1998; Surette 
et al., 1999). AI-2 is considered a universal quorum sensing signal, which is involved in 
interspecies cell-to-cell communication (Miller and Bassler, 2001). The AI-2 molecule is 
hypothesized to be furanosyl borate diester (Fig. 2.3A) (Chen et al., 2002), a soluble 
organic molecule. However, it is yet to be completely purified (Surette and Bassler, 
1998). Different types of AI-2 molecules could be formed (Fig. 2.3B, 2.3C) in the 
absence of boron (Bassler, 2004, personal communication). The AI-2 biosynthetic 
pathway originates with methionine and ATP (Fig. 2.4), which form the substrates for S-
adenosylmethionine (SAM).  SAM is an essential cofactor in bacterial physiological 
activities, providing the methyl group for DNA, RNA and protein synthesis. In this 
process, an intermediate S-adenosylhomocysteine (SAH) is produced, which is toxic to 
cells, and is hydrolyzed immediately by the nucleosidase enzyme 5’-
methylthioadenosin/S-adenosylhomocysteine nucleosidase (Pfs) for detoxification. One 
product of SAH, S-ribosylhomocysteine (SRH) is catalyzed by LuxS protein to form 4, 5-
dihydroxy-2, 3-pentanedione (DPD), and consequently rearranged to form pro-AI-2 
(Chen et al., 2002; Schauder et al., 2001). In the presence of boron, pro-AI-2 undergoes 
an adduct reaction with borate to generate an AI-2 signal molecule. AI-2 molecules are 
thus side-products during bacterial metabolism. In the synthesis of AI-2 from the S-
adenosylmethionine substrate, at least three enzymes, namely methyltransferase, 
nucleosidase Pfs and LuxS synthase, are involved. It has been reported that a pfs mutant, 
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that promotes the accumulation of SAH, exhibits severe growth defects in cells with this 
mutation (Cadieux et al., 2002). This outcome could result from the toxicity of SAH, and 
from inhibition of SAM-requiring reactions by SAH. The accumulation of SRH, 
however, does not cause toxicity problems. Beeston and Surette (2002) found that luxS 
mutants show no growth defects in comparison with wild-type S. Typhimurium or E. coli. 
This observation suggests that AI-2 is a final product in the detoxification process. The 
production of AI-2 is proportional to the availability of SAH in cells, which is dependent 
on intercellular concentrations of methionine and SAM (Beeston and Surette, 2002). The 
expression of the pfs gene is not affected transcriptionally by the feedback of AI-2 or 
SRH levels (Beeston and Surette, 2002). However, the presence of glucose in the growth 
medium dramatically influences pfs gene expression. The expression of pfs gene reaches 
its maximum in exponential-phase cells in LB plus 0.5% glucose, and declines 
significantly when cells enter stationary phase (Beeston and Surette, 2002). The change 
in AI-2 pattern in cells correlates with the pattern in pfs expression. 
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Fig. 2.3. Structure of AI-2 molecule(s) in Gram-negative bacteria. (A) furanosyl borate 
diester, (B) trihydroxy-methyl furanone, and (C)  dihydroxy-methyl furanone (Modified 
from Chen, et al., 2002; Personal communication with Bassler, 2004). 
 
 
A B C
 16
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4. The de novo synthesis of AI-2 molecules in Gram-negative bacteria. Methionine 
is converted to S-Adenosylmethionine (SAM) by SAM synthetase (MetK) with the cost 
of one molecule of ATP. SAM is catalyzed by SAM-dependent methyltransferase to 
produce S-adenosylhomocysteine (SAH). In some bacteria, e.g. Pseudomonas 
aeruginosa, SAH is hydrolyzed by SAH hydrolase to homocysteine and adenosine, and 
homocysteine is recycled to form methionine.  Other bacteria, e.g. E. coli, produce S-
ribosylhomoserine (SRH) catalyzed by 5’-methylthioadenosin/S-adenosylhomocysteine 
nucleosidase (Pfs). LuxS catalyzes SRH to produce DPD (4, 5-dihydroxy-2, 3-
pentanedione) and homocytosteine. DPD is converted to pro-AI-2 by rearrangement, and 
subsequently boron is added to produce AI-2 molecules (Modified from Chen et al., 
2002; Winzer et al., 2002a). 
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LuxS protein is required for AI-2 synthesis. The sequence of luxS gene is highly 
conserved across species (Xavier and Bassler, 2003; Cloak et al., 2002). Therefore, it is 
not surprising that AI-2 has been proposed to serve as a ‘universal’ signal for inter-
species communication (Miller and Bassler, 2001; Surette and Bassler, 1998; Surette et 
al., 1999). The protein LuxS catalyzes SRH to generate homocysteine and AI-2 
molecules (Schauder et al., 2001). Inactivation of luxS gene results in lack of AI-2 
production. However, AI-2 does not inhibit the expression of the luxS gene through 
feedback loop response (Beeston and Surette, 2002).  The decline in AI-2 activity 
observed at the stationary phase of cell growth is probably due to degradation or uptake 
of AI-2 by the cells and not due to a decrease in LuxS protein. Hardie et al. (2003) 
reported that LuxS is functional in cells even at the stationary phase of growth and in the 
absence of glucose in the growth medium. The authors have also reported that the 
laboratory E. coli strains do not produce AI-2 beyond 7 h in the absence of glucose and 
beyond 24 h growth in the presence of 0.4% glucose. No AI-2 activity was detectable in 
the extracts of these strains. However, when these cell extracts were incubated with 
SAM, SAH or SRH, AI-2 molecules were produced and its activity was more than 100-
fold. Similar results were reported stating that LuxS levels in the cells at the stationary-
phase were not significant difference from those in cells at the exponential-phase 
(Beeston and Surette, 2002).    
Quorum sensing pathways in Gram-negative bacteria. Quorum sensing occurs widely 
in both Gram-negative and Gram-positive bacteria, and controls gene expression in 
response to changes in environmental factors and cell density (Ahmer et al., 1998; Lee 
and Morrison, 1999; Miller and Bassler, 2001; Sperandio et al., 2001; Steinmoen et al., 
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2002). Given that switch-on or switch-off of a gene is controlled by its corresponding 
regulator, it is postulated that bacterial cells utilize two or more quorum sensing systems 
to sense environmental stimuli (Taga and Bassler, 2003). Two quorum-sensing systems, 
namely system 1 and system 2, have been well defined in the Gram-negative bacteria V. 
harveyi. These systems were studied initially in V. harveyi, and they use AI-1 and AI-2 
molecules as signals, respectively. They work in parallel to regulate discrete groups of 
genes by monitoring concentrations of autoinducers in response to environmental stimuli 
and cell density. The quorum sensing systems in V. harveyi are composed of two 
regulatory components, one is an autoinducer sensor, and the other is a LuxR-type 
regulator (Miller and Bassler, 2001). The former works as receptors on cell membrane to 
bind autoinducers, and transfer environmental signals into the cell through 
phosphorylation cascades to induce gene expression. The latter functions as a 
transcriptional activator regulating target gene expression by monitoring the signals 
upstream from the autoinducer sensor.  
Bassler and her colleagues (Miller et al., 2002) used the marine bacterium V. 
harveyi as a model to delineate how the two quorum sensing systems control gene 
expression (Fig. 2.5). In the quorum sensing pathways, LuxO acts as a pivot for both AI-
1 and AI-2 systems. Signals from either system must trigger switches between 
phosphorylation and dephosphorylation of LuxO. At low cell density, when the 
concentrations of the autoinducers are low, the sensor proteins LuxN for AI-1 and LuxP 
for AI-2 molecules function as kinases, catalyzing autophosphorylation. Consequently, 
the phosphate moiety flows from the conserved histidine residues (H1) to conserved  
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Fig. 2.5. AI-1- and AI-2-dependent quorum sensing systems (system 1 and system 2) in 
Gram-negative bacteria. Integration of AI-1- and AI-2-dependent signaling modules 
coordinate gene expression in response to environmental stresses and cell density.   
Pentagons and circles represent AI-1 and AI-2, respectively. The “P” in the circle 
indicates that signal transduction occurs by the transfer of phosphate in phosphorylation. 
Growing bacterial cells produce AI-1 and AI-2 molecules, diffusing or exported out of 
cells to the environment. AI-1 and AI-2 molecules bind their cognate receptors of LuxN 
and LuxP, respectively. The signals from the environment are relayed by phosphorylation 
and dephosphorylation to turn on/off target genes through regulator LuxR. The details are 
shown in text. X (putative repressor) is proposed to be an sRNA (small RNA) (Modified 
from Withers et al., 2001; Miller et al., 2002; Personal communication, Bassler, 2004). 
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aspartate residues (D1) in their adjacent response regulator domains, and subsequently to 
the conserved histidine residue (H2) of LuxU, and finally to the appropriate aspartate 
residue (D2) of LuxO. Phospo-LuxO bound to the σ54 protein activates expression of the 
downstream repressor (X), which, in turn, binds to promoter regions of target genes and 
shuts off gene expression. In contrast, at high cell densities, when autoinducers 
accumulate to a given threshold levels in cells, LuxN and LuxP become phosphatases, 
and dephosphorylation occurs. Dephosphorylated LuxO is inactivated and leads to a 
cessation of the putative Lux repressor X expression. LuxR, together with RNA 
polymerase, can bind the promoter regions of target genes to activate the transcription of 
genes such as the luciferase operon to produce light.    
Factors influencing AI-2 production and activity. Though E. coli and Salmonella do 
not produce AI-1, they do produce AI-2 molecules (Surette and Bassler, 1998). The luxS 
genes in E. coli, Salmonella and Campylobacter have been cloned, and are designated as 
luxSE.c. (ygaG), luxS S.t. and  luxS, respectively.  Highly homologous sequences are found 
among the luxS genes of E. coli, Salmonella, V. harveyi and Campylobacter (Cloak et al., 
2002; Surette et al., 1999). Bassler et al. (1994) constructed the reporter strain V. harveyi 
BB170, which is characteristic of positive sensor LuxP (Sensor 2+), but negative sensor 
LuxN (Sensor 1-) on the membrane, for detection of AI-2. If a culture medium sample 
contains AI-2 molecules, signal transduction will be initiated via the binding of AI-2 
molecules to LuxP located on the outer membrane, activating transcription of luciferase 
genes luxCDABE to produce bioluminescence. The intensity of bioluminescence 
indicates the level of AI-2 activity in the sample. Using the AI-2 bioassay, the production 
of AI-2 has been shown in laboratory strains of E. coli K12, S. Typhimurium and 
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Campylobacter spp. as well as several clinical isolates of E. coli O157 (Cloak et al., 
2002; Surette and Bassler, 1998; Surette et al., 1999).  The commonly used laboratory 
strain E. coli DH5α, however, does not have AI-2 activity. This lack of AI-2 production 
is due to a frameshift mutation resulting from a 1-bp G-C deletion at base pairs 222 and a 
T-to-A transversion at 224 in its ygaG gene, which results in premature truncation of the 
LuxS protein in E. coli DH5α (Surette et al., 1999). However, this loss of AI-2 
production can be partially, if not completely, restored by introduction of luxS genes into 
E. coli DH5α. Similarily, S. Typhimurium luxS mutants, unable to produce AI-2 
molecules, could be complemented to full AI-2 production by the introduction of luxS 
gene of either E. coli or V. harveyi. Τhe complementation results suggest that LuxS 
protein is an essential enzyme in AI-2 synthesis and that AI-2 production is probably 
affected by other biochemical or physiological factors (Surette et al., 1999).   
AI-2 production in E. coli and S. Typhimurium reaches its maximum at mid- or 
late-exponential growth phase in the presence of certain preferred carbon sources (Surette 
et al., 1999).  However, AI-2 activity declines in E. coli at the stationary phase when cell 
population is presumably the highest (Surette et al., 1999; Withers and Nordstrom, 1998). 
This decline in AI-2 activity is not mediated by the regulation of LuxS. In the absence of 
glucose, LuxS levels remain stable and could even increase slightly when AI-2 levels 
decline (Hardie et al., 2003). Extracellular AI-2 levels are thus, the net result of AI-2 
production and uptake by cells. Since LuxS remains functional to synthesize AI-2 in 
stationary-phase E. coli cells, the decline in AI-2 levels is probably caused by either 
degradation or uptake of AI-2. It has been reported that in S. Typhimurium AI-2 
molecules are imported using an ABC transporter, which resembles the ribose uptake 
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transporter (Taga et al., 2001). In E. coli, there exists a similar mechanism, which 
functions to take up ribose (Blattner et al., 1997; Iida et al., 1984). However, it is still 
unclear what roles the uptake of AI-2 plays in the survival of cells at stationary phase 
besides acting as signals for communication. The AI-2 molecule also may be a source of 
carbon or boron for the cells (Coulthurst et al., 2002; Winzer et al., 2002b). The 
biochemical events that are possibly involved in the uptake of AI-2 are yet to be 
identified.  
Glucose seems essential in the production of AI-2, but its effect on AI-2 production 
varies depending on different strains. Surette and Bassler (1998) reported that in 
laboratory strains of S. Typhimurium LT2 and E. coli AB1152 AI-2 release into the 
surrounding milieu depended on the addition of glucose to the growth medium. However, 
DeLisa et al. (2001b) reported that AI-2 production is detectable in E. coli grown in LB 
medium with and without the presence of glucose. Another study reported that clinical 
isolates of pathogenic E. coli O157:H7 produce AI-2 at 30°C and 37°C in the presence or 
absence of glucose (Surette et al., 1999).  Hardie et al. (2003) also reported that E. coli 
MG1655 produces detectable AI-2 molecules after 6.5 h growth in both the presence and 
the absence of glucose, but after 24 h growth, AI-2 levels were detectable only in the 
presence of glucose. Similar effects were observed with other carbon sources, including 
glycerol, maltose, galactose, ribose and L-arabinose.  Among carbon sources such as 
glucose, mannose, mannitol, fructose, glucosamine, sucrose and maltose, and 
intermediates in tricarboxylic acid cycle and glycerol, Surette and Bassler (1998) reported 
that glucose induced the highest level of AI-2 activity, while the intermediates of 
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tricarboxylic acid cycle and glycerol did not induce significant production of AI-2 
activity. 
To survive, bacterial cells have to probably adapt to environmental stimuli by inter-
bacterial communication. A number of environmental factors have been shown to affect 
AI-2 production. Fetal bovine serum, serum, and carbonate have been shown to increase 
AI-2 production (Cloak et al., 2002). Blehert et al. (2003) reported that the addition of 
serum and carbonate to the growth medium induced maximal AI-2 production in 
Streptococcus gordonii, whereas cells grown in brain heart infusion (BHI) medium alone 
did not produce AI-2. The physiological bicarbonate concentration in serum and saliva is 
high enough to stimulate the production of AI-2 and biofilm formation in S. gordonii. 
Surette et al. (1999) reported that exponential growth, low pH, and high osmolarity all 
increased AI-2 activity in batch culture conditions.  
DeLisa et al. (2001b) utilized a chemostat to grow E. coli under continuous 
conditions and observed the effect of different environmental stimuli on the production of 
AI-2. They challenged the culture at the steady phase with an individual stress factor and 
measured AI-2 activity by the reporter strain V. harveyi BB170. The results showed that 
increased iron, high osmolarity and decreased culture redox potential with 1g/mL of 
dithiothreitol (DTT) all exhibited enhancement of AI-2 production within the first 60 min 
and remained at an elevated level for 3 h before decrease. It was also noted that sodium 
acetate and pulsed-input of oxygen resulted in transient decreases of AI-2 activity 
(DeLisa et al., 2001b). However, it has been reported that the addition of acetate to 
nutrient broth induced the production of AI-2-dependent protein LuxS in another study 
(Kirkpatrick et al., 2001). DeLisa et al. (2001b) also found that heat shock and ethanol 
 24
caused decreased AI-2 activity for about 1 h followed by wave-like change. Stringency 
resulted from serine hydroxamate repressed AI-2 production for 4 h, while hydrogen 
peroxide-induced oxidative stress caused the decrease of AI-2 activity for 30 min, 
followed by a 1.5-fold increase over the next 100 min. The authors of that study 
hypothesize that the changes in AI-2 production are more likely attributed to a shift in the 
metabolic activity or the state of the cells caused by each individual stress. In support of 
this hypothesis, they found that AI-2 production remained at a constant high level in E. 
coli cells grown at 42ºC compared to cells grown at 30ºC.  
 AI-2 production is also affected by heterologous gene (foreign gene) expression 
in genetically modified microorganisms. DeLisa et al. (2001a) reported that plasmid-
encoded heterologous gene over-expression of human interleukin-2 (hIL-2), 
chlorampenicol acetyltransferase (CAT) and viral protein 5 (VP5) in E. coli resulted in 
dramatic decreases in AI-2, while the low-yield proteins of anti-botulinum toxin antibody 
fragment (bt-Fab), wild-type coat protein of the tobacco mosaic virus (TMVCP) and 
TMVCP with a proline-to-leucine mutation at position 20 (TMVCP P20L), and highly 
soluble green fluorescent protein fused to organophosphorus hydrolase (GFPuv/OPH) 
recombinant protein had no significant effect on AI-2 activity (DeLisa et al., 2001a). This 
decline of AI-2 activity was not due to inhibition of LuxS protein transcription. In 
contrast, the transcription of luxS gene was significantly increased greater than 3-fold 
following overexpression of hIL2 (DeLisa et al., 2001b). The magnitude of this AI-2 
decline was proportional to the accumulation of heterologous protein in cells. This 
negative response in AI-2 production caused by the accumulation of foreign proteins and 
several σ32-mediated stresses such as ethanol stress, heat shock, and amino acid limitation 
 25
could overlap at the molecular level (DeLisa et al., 2001b). The mechanism of AI-2 
signaling loss due to heterologous gene expression has yet to be studied. Natural plasmids 
do not appear to have similar negative regulatory effects on AI-2 attenuation as compared 
to heterologous genes. Bacteria carrying a conjugative plasmid tend to form biofilms 
which are believed to be mediated by AI-2-based quorum sensing (Ghigo, 2001). 
 AI-2 production is affected by inorganic substances as well. Recently, borate was 
reported to have a dramatic effect (a 10-fold increase) on induction of AI-2 in V. harveyi 
(Chen et al., 2002). However, it was not found to have an effect on a LuxS- strain that 
was incapable of synthesizing pro-AI-2 (Chen et al., 2002). It has been proposed that 
borate drives the spontaneous production of AI-2 from the available pool of pro-AI-2 
(Chen et al., 2002).  
Role of AI-2 quorum sensing in pathogenicity and antibiotic resistance development. 
AI-2 acts as a signal to regulate gene expression in coordination against host defenses and 
environmental stresses (Miller and Bassler, 2001). Initially, AI-2 was found to be 
responsible for regulation of bioluminescence in V. harveyi and V. fischeri (Miller and 
Bassler, 2001). Studies to understand the role of AI-2 regulation of gene expression have 
revealed AI-2 could be involved in global regulatory mechanisms. The finding that that 
E. coli O157 strains exhibit greater AI-2 activity than nonpathogenic E. coli strains 
(Surette et al., 1999), and that pathogenic S. Typhimurium 14028 produces significantly 
more AI-2 than does S. Typhimurium LT2 suggest that AI-2 molecules may be related to 
bacterial pathogenicity. AI-2-based quorum sensing is thought to mediate the transition 
from a nonpathogenic existence outside a host to a pathogenic existence inside a host. 
Sperandio et al. (1999) used a transcriptional fusion lacZ reporter gene to observe the 
 26
effect of AI-2 on the transcription of the Locus of Enterocyte Effacement (LEE) 
pathogenicity island, a type III secretion system in enterohemorrhagic E. coli and 
enteropathogenic E. coli. They found that AI-2-based quorum sensing controls the 
regulation of the LEE operons. To further screen AI-2-controlled gene transcriptional 
profiles, Sperandio et al. (2001) and DeLisa et al. (2001b, 2001c) used oligonucleotide 
microarrays to quantify the transcriptional levels for 4290 open reading frames (ORF) of 
E. coli O157:H7 and E. coli strain W3110 in response to AI-2 signals, respectively. The 
results highlight the fact that AI-2-based quorum sensing is implicated in a global 
regulation of gene expression in E. coli. Of the 4,290 detected genes, 242 genes were 
either upregulated (154 total genes) or repressed (88 total genes) (more than 2.3-fold in E. 
coli MDAI2 (luxS::Tcr)) in the presence of AI-2 (DeLisa et al., 2001c). By contrast, 404 
of 4290 genes on the array were regulated in E. coli O157:H7 (luxS::Tcr) by at least 5-
fold by AI-2 signals (Sperandio et al., 2001). These genes that are regulated by quorum 
sensing via AI-2 are involved in multiple physiological processes such as cell division, 
DNA processing, and morphological processes, biofilm formation, cell motility and 
exopolysaccharide formation (DeLisa et al., 2001c; Sperandio et al., 2001). Subsequent 
experiments with lacZ reporter gene validated that the expression profiles of a two-
component system QseBC and a LysR-type regulator QseA in E. coli O157:H7 and in E. 
coli K-12 are controlled by AI-2-based quorum sensing (Sperandio et al., 2002a, 2002b). 
The experiments confirmed that gene qseB encodes the response regulator, and QseC 
protein is the sensor kinase in response to AI-2-based quorum sensing. The QseBC 
system is involved in the regulation of flagella and motility genes. The mutant qseC 
exhibits reduced motility in comparison with the wild type and complemented strains. 
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The expression of flagellin significantly decreases in the qseC mutant (Sperandio et al., 
2002a). By contrast, LyR-type regulator QseA is responsible for regulation of virulence 
gene expression. Mutation of the qseA gene causes a defect in the type III secretion 
system. QseA is an activator of ler, a gene associated with attachment and effacement 
(AE) lesion in E. coli O157:H7 (Sperandio et al., 2002b). However, QseA controls the 
regulation of LEE at the distal LEE1 promoter in extension primer analysis.  Recently, 
Sperandio et al. (2003) reported that a novel LuxS-dependent autoinducer (termed as AI-
3) is produced by E. coli O157:H7. This autoinducer may mediate cross-talk between 
bacteria and host cells.  The mammalian hormone epinephrine (Epi) could function as AI-
3, activating transcription of the type III secretion system and flagella genes. These 
findings suggest that E. coli O157:H7 might modulate virulence gene expression at 
different stages of infection and/or different locations of the gastrointestinal tract by the 
sensing of bacterial quorum sensing molecules and mammal signals.    
AI-2-controlled phenotype(s) may vary dependent on species. Sperandio et al. 
(1999) reported that two distinct phenotypes are characteristic of E. coli O157:H7 
(luxS::Tcr) AI-2 mutants. One has a faster growth rate, and the other has decreased 
motility in the mutants relative to the wild-type strain. However, no differences in growth 
rate were observed in Campylobacter jejuni and Helicobacter pylori luxS mutants in 
comparison to the wild-type strains (Elvers and Park, 2002; Joyce et al., 2000), and 
Streptococcus pyogenes AI-2 mutants grew slower than the wild type (Lyon et al., 2001).  
AI-2 inhibited initiation of DNA replication, and this inhibition was found to be 
temporary in bacteria (Withers and Nordstrom, 1998). Cells in which DNA replication 
were blocked could be restored to full functionality after approximately 30 min of 
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exposure to supernatant containing AI-2 molecules. It was hypothesized that this transient 
inhibition was caused by insufficient AI-2 molecular concentration in culture (Withers 
and Nordstrom, 1998). The functions of AI-2 in physiological processes have been 
screened extensively in other bacteria as well as in E. coli.  
Taga et al. (2001, 2003) reported that AI-2 molecules control the expression of a 
previously uncharacterized operon (lsrACDBFGE) that encodes an ABC transporter 
apparatus, an ATP binding cassette. The transporter, in turn, functions in the uptake of 
AI-2 from the extracellular environment in S. Typhimurium.  It has been reported that 
motility in Campylobacter jejuni is related to AI-2-based quorum sensing (Elvers and 
Park, 2002). Decreased toxin production was observed in Clostridium perfingens luxS 
mutants at mid-exponential growth phase (Ohtani et al., 2002), although no significant 
difference was obtained in toxin mRNA levels between the mutant and the wild type at 
stationary growth phase. Derzelle et al. (2002) showed that AI-2-based quorum sensing is 
related to antibiotic production by Photorhabdus luminescens.  In Shigella flexneri, the 
operons, ipa, mxi and spa, encoding type III secretion systems, are enhanced by AI-2-
based quorum sensing. However, virulence gene expression was not affected in AI-2 
mutants (Day and Maurelli, 2001). Duan et al. (2003) reported that virulence genes in P. 
aeruginosa are up-regulated by host microflora through interspecies communication 
based on AI-2 signals.  
The accumulation of AI-2 molecules in the exponential phase has been proposed to 
serve as a signal to lead E. coli cells to enter the stationary phase. Cells in the stationary 
phase show increased resistance to a number of environmental stresses, such as high 
osmolarity, oxidative agents and high temperature (Lazazzera, 2000; Zambrano and 
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Kolter, 1996). A study shows that swarming populations of S. Typhimurium exhibited 
multiple mechanisms of antibiotic resistance (Kim and Surette, 2003). Recently, protein 
SidA, a regulator of AI-2 molecules, was reported to positively mediate the multidrug 
efflux pump AcrAB (Rahmati et al., 2002). Overexpression of SdiA increased antibiotic 
resistance levels. By contrast, SdiA mutants exhibit hypersensitive to antibiotics 
(Rahmati et al., 2002). SdiA was found to be up-regulated following hIL-2 expression 
and in the presence of AI-2 molecules in E. coli (DeLisa et al., 2001a, 2001b, 2001c). 
DeLisa et al. (2001c) reported that the MarB (multiple antibiotic resistance protein) 
expression increased 3.1-fold when E. coli was exposed to AI-2 molecules. Transposase 
that is responsible for transposition is up-regulated by AI-2 as well (DeLisa et al., 2001b, 
2001c). 
 It has been reported that oligopeptides induce competence for genetic 
transformation by the uptake of free DNA from the surrounding medium and 
incorporation of that DNA into the genome through homologous recombination in Gram-
positive bacteria (Alloing et al., 1996, 1998; Havarstein et al., 1995). Conjugal transfer of 
Ti plasmid from Agrobacterium donors to bacterial recipients is controlled by AI-1-based 
quorum sensing (Piper et al., 1993; Oger and Farrand, 2001, 2002). Recently, a novel 
uncharacterized airborne signal is thought to induce E. coli to become tolerant to the 
antibiotic ampicillin (Heal and Parsons, 2002). These findings are noteworthy but it 
remains to be determined whether AI-2-based quorum sensing mediates the development 
of antibiotic resistance in bacteria.  
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Autoinducer activity in plants and foods. Several plants have been found to secrete AI-
1 mimic compounds, which act as either AI-1-like molecules, signal blockers, signal 
degrading enzymes or inhibitors of AI-1-like producing enzymes (Fray, 2002; Givskov et 
al., 1996; Teplitski et al., 2000). Teplitski et al. (2000) reported that pea seedlings, 
soybean and tomato plant were found to contain several separable activities that 
mimicked AI-1 signals in well-characterized bacterial reporter strains, activating AI-1-
controlled behaviors in some strains while inhibiting such behaviors in others. The 
secretion of AI-1 mimic activities by legume Medicago truncatula was found to change 
dependent on developmental age of seedlings (Gao et al., 2003). Although the active 
compounds from plants have not been chemically characterized, many plant extracts in 
organic solvents stimulate AI-1-controlled response in bacteria. In contrast, halogenated 
furanones of red alga share considerable structural similarity to AI-1, but they 
competitively inhibit AI-1 activity and help the alga in controlling bacterial colonization 
and fouling of its surfaces in a marine environment (Manefield et al., 1999, 2002; Ren et 
al., 2001).  
An AI-2-like active compound of DMHF (2, 5-dimethyl-4-hydroxy-3(2H)-
furanone) (Fig. 2.6) was reported to be present in fruits such as tomatoes, strawberries 
and pineapples, as well as in yeast fermentation products and in the products of  Maillard 
reactions (Slaughter, 1999; Winzer et al., 2002b). Bauer and Robinson (2002) found that 
rice and M. truncatula seedlings produce compounds that mimic AI-2 signals. More 
recently, the unicellular soil-freshwater alga Chlamydomonas reinhardtii was reported to 
secrete compounds that mimic AI-2-dependent quorum sensing to modulate gene 
expression (Teplitski et al., 2004). These findings indicate that quorum sensing molecule-
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mimic compounds are produced by plants to affect specific pathogens or spoilage 
bacteria. Interestingly, Mathesius et al. (2003) reported that M. truncatula secretes 
compounds that inhibit AI-2-dependent quorum sensing in bacteria as well.   
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Fig. 2.6. Structures of AI-2 analogs. (A) DMHF (2, 5-dimethyl-4-hydroxy-3(2H)-
furanone) and (B) its analog MHF (4-hydroxy-5-methyl-3(2H)-furanone) (Modified from 
Winzer et al., 2002b). 
 
 
 
It was also noted that AI-2 activity was maximal for E. coli O157:H7, S. 
Typhimurium and Campylobacter spp., 3 h postinoculation in both milk and chicken 
broth at 4°C and by 24 h postinoculation at 25 or 37°C (Cloak et al., 2002). This evidence 
suggests AI-2 production by bacterial cells on different foods could have some 
ramifications in terms of food safety and quality. However, the mechanisms of AI-2 
induction by food matrix are still unknown. 
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CHAPTER III 
AUTOINDUCER 2-BASED RESPONSE INDUCES TETRACYCLINE 
TOLERANCE IN ESCHERICHIA COLI UNDER SUB-
THERAPEUTIC EXPOSURE 
 
OVERVIEW  
Autoinducer 2 (AI-2)-based quorum sensing has recently gained attention, because 
it is thought to be utilized for cell-to-cell communication for regulation of gene 
expression and induction of bacteria entry to stationary phase in response to 
environmental stimuli. The objective of this study was to understand the relationships 
existing between exposure to sub-therapeutic tetracycline, AI-2 activity and tetracycline 
tolerance development in Escherichia coli. Laboratory studies using two tetracycline-
resistant and 1 tetracycline-sensitive E. coli isolates were performed. Though all three 
isolates produced AI-2, they had different patterns of AI-2 activities in response to sub-
therapeutic tetracycline exposure. In the presence of tetracycline, the Tets E. coli strain 
continued to have increasing AI-2 activity even after 20 hours of exposure to the 
antibiotic (2 µg/mL).  Results indicate that AI-2 actually enhances the ability of the Tets 
E. coli strain to survive sub-therapeutic tetracycline (10 µg/mL) stress. About 87% of the 
Tets E. coli strain survived 4 hours of exposure to chlortetracycline in LB plus 80% cell-
free supernatant ( AI-2+). After 20 hours of exposure, the 69% survival rate of the Tets 
strain was still significantly higher (P<0.05) than in the control treatments. There was, 
however, no difference between the survival of the Tets strain when exposed to only 20% 
cell-free supernatant (AI-2+). The enhanced AI-2 activity can protect the cells from 
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tetracycline stress and lead to the development of tetracycline-tolerant sub-populations 
which can serve as a selective advantage.   
 
INTRODUCTION 
Bacterial populations in response to cell density and environmental stimuli have 
been known to produce, secrete and respond to low molecular weight molecules termed 
autoinducers (Surette and Bassler, 1998; Withers et al., 2001). This currently termed as 
quorum sensing process is shown to help in coordinated regulation of gene expression 
(Sperandio et al., 2001; Taga and Bassler, 2003; Xavier and Bassler, 2003). Generally, 
Gram-negative bacteria employ acylated-homoserine lactones as autoinducers, while 
Gram-positive bacteria use oligopeptides for intra- and inter-species communications 
(Bassler et al., 1993; Camara et al., 2002; Miller and Bassler, 2001).  In addition to 
acylated homoserine lactone (AI-1), another autoinducer molecule that has recently been 
characterized as furanosyl borate diester (AI-2) is widely produced and utilized by a large 
number of Gram-negative and Gram-positive bacteria (Bassler, 2002; Chen et al., 2002).  
In each AI-2-producing bacterium, AI-2 synthesis requires LuxS protein, the sequence of 
which is highly conserved among different bacteria such as E. coli, Salmonella 
Typhimurium, Vibrio harveyi, Vibrio Cholerae, and Campylobacter spp. (Cloak et al., 
2002; Surette et al., 1999; Xavier and Bassler, 2003).    
Given its universal presence, AI-2 is considered as a universal signal molecule for 
inter- and intra-species bacterial communications (Xavier and Bassler, 2003). Multiple 
physiological processes in E. coli are linked to AI-2. Studies have shown that the extra-
cellular accumulation of AI-2 influences the expression of genes that control DNA 
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replication, cell division, virulence, biofilm formation, as well as other physiological 
processes (DeLisa et al., 2001c; Ren et al., 2001; Sperandio et al., 2001). In E. coli, the 
AI-2 concentration reaches maximal levels when cells are in the mid-exponential growth 
phase in the presence of certain carbon sources. However, E. coli does not produce AI-1 
(Surette and Bassler, 1998). Cell-free supernatants of media from which E. coli was 
grown has stimulated the expression of the rpoS gene, which encodes the alternate sigma 
factor σS involved in stationary phase, induce the cell to enter the stationary phase, 
providing tolerance to high osmolarity conditions, oxidative agents and resistance to 
elevated temperatures (Lazazzera, 2000; McDougald et al., 2003; Mulvey et al., 1990; 
Sitnikov et al., 1996).  Previous studies have also shown that AI-2 production in E. coli is 
influenced by stimuli such as nutrient concentrations, pH, redox potential and 
temperature (DeLisa et al., 2001b). 
Antimicrobials such as the tetracyclines are widely used not only in clinical 
medicine for treatment of bacterial infections but also in sub-therapeutic concentrations 
as animal growth promoters (Schnappinger and Hillen, 1996; Teuber, 2001). There is a 
widespread concern that such use of antimicrobials can accelerate the emergence of 
antibiotic resistance in enteric bacteria (Roberts, 1996; Roe and Pillai, 2003). In our 
laboratory, we are interested in identifying the reservoirs of antibiotic resistance 
determinants and the factors that permit an antibiotic-sensitive strain to become tolerant 
or resistant to antibiotics (Roe et al., 2003a; Roe et al., 2003b). The raised question is 
whether quorum sensing-based bacterial communication is involved in the development 
of antibiotic resistance. The underlying hypothesis was that exposure to sub-therapeutic 
concentrations of tetracycline stimulates the production of the universal AI-2 in E. coli, 
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which promotes tetracycline tolerance development in tetracycline-sensitive E. coli 
strains. E. coli isolates from poultry and irrigation water samples were used to test the 
hypothesis.  
 
MATERIALS AND METHODS 
Bacterial strains and media.  Three E. coli isolates (Isolate 1, 12 and 5) were used in 
this study. Isolates 1 and 12 were isolated from poultry and were resistant to tetracycline 
defined as Tetr E. coli strains (MIC≥128 µg/mL and MIC≥32 µg/mL, respectively). 
Isolate 1 harbors the tet(B) gene and was confirmed by PCR. In contrast, Isolate 12 was a 
resistant by a yet-to-be determined mechanism to tetracyclines. This isolate was negative 
for tet(A), tet(B), tet(C), tet(D), tet(E), tet(G), tet(K), tet(L), tet(M), tet(O), tet(Q),  
tetA(P) tet(S) and tet(X) by PCR. Isolate # 5 isolated from irrigation water was sensitive 
to tetracycline defined as Tets E. coli strain (MIC<1 µg/mL). This strain was also 
sensitive to other antibiotics such as ampicillin, streptomycin, gentamycin, kanamycin, 
chloramphenicol, trimethoprim/sulfamethoxazole, ciprofloxacin and ceftriaxone. 
Reporter strain Vibrio harveyi BB170 (luxN::Tn5, sensor 1- sensor 2+) that only senses 
AI-2 molecule, and AI-2-producing V. harveyi BB120 (AI-1+ AI-2+) and BB152 
(luxL::Tn5, AI-1- AI-2+) were used for the AI-2 bioassay, and were kindly provided by 
Dr. Bassler. The autoinducer bioassay (AB) medium was prepared as previously 
described (Bassler et al., 1994).  
Cell-free supernatant (CFS) preparation. Overnight cultures of the E. coli strains were 
inoculated into individual tubes containing 10 mL of Lauria-Bertani broth (LB; Difco, 
Detroit, MI) supplemented with 0.5% glucose, and challenged with and without 2 µg/mL 
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of tetracycline (Sigma Chemical Co., St. Louis, MO). Preliminary studies indicated that 
1-4 µg/mL of tetracycline did not have any negative effects on the induction of 
luminescence in the reporter strain V. harveyi BB170 by exogenous AI-2 molecules. 
Samples of each culture were removed 2, 8, and 20 h (postinoculation) for preparation of 
CFS. The CFS was prepared by centrifuging (8000 × rpm for 5 min at 4°C) the samples 
followed by filtration through 0.2-µm-pore-size syringe filters (Corning, New York, NY). 
CFS containing AI-2 as positive controls were prepared from overnight culture of V. 
harveyi BB152 and BB120 at 30°C as described above for E. coli. Viable cell counts 
were performed using spread plate methods on LB agar. The CFS was stored at –20°C 
until AI-2 activity bioassay was performed.  
AI-2 activity bioassay. The assay was performed as described by Surette and Bassler 
(1998). An overnight culture of V. harveyi BB170 was diluted (1:5,000) with fresh AB 
media. Ninety microliters of this diluted culture was mixed with 10 µL of the CFS 
sample in a 96-well micro-isoplate (Perkin Elmer life science Inc., Boston, MA). Ten 
microliters of V. harveyi BB120 and BB152 CFS were used as positive controls, and 10 
µL of AB media were used as negative controls.  The plates were shake-incubated (100 
rpm) at 30°C in a Lab-Line Orbital Shaker Incubator (Melrose Park, IL). Luminescence 
was measured every 30 min using a Perkin Elmer Wallac Victor 2 luminometer in the 
luminescence mode. AI-2 activity was expressed as relative AI-2 activity, calculated as 
the ratio of luminescence of a sample and the control (negative) sample. To dissociate the 
AI-2 activity with cell density, relative AI-2 activity was normalized by 1 log unit of E. 
coli viable cells.   
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Influence of AI-2 concentrations on tetracycline tolerance development. Overnight 
cultures of the Tets E. coli (Isolate 5) were transferred to fresh LB broth, and grown to log 
phase at 37°C. Portions of the culture were diluted (1:50,000) in either LB, LB containing 
20% (20 mL of CFS plus 80 mL of LB) or 80% of CFS. The heated CFS (100ºC for 10 
min to inactivate AI-2 activity) samples and LB alone served as AI-2 negative controls 
(Surette and Bassler, 1998). The samples were initially treated at 37°C for 30 min. 
Subsequently, aliquots of the samples were removed and plated on LB agar for obtaining 
bacterial counts. Once these samples were removed, chlortetracycline (Sigma Chemical 
Co.) in a final concentration of 10 µg/mL (greater than 10× the MIC of the sensitive 
strain) was added to each tube. The cultures were then incubated at 37°C. Samples were 
removed at 4- and 20-h post-challenge for enumerating viable bacterial cells on LB agar.   
Statistical analyses.  All experiments were performed in triplicate, and each CFS sample 
was assayed for AI-2 activity in triplicate using V. harveyi BB170. Bacterial population 
was expressed as log10 CFU/mL. The data were analyzed using the General Linear Model 
(GLM) of SAS (version 8.0, SAS Institute Inc., Cary, NC).  A p value of 0.05 was used 
as a critical value for statistical significance.   
 
RESULTS 
Bacterial multiplication and response of AI-2 activity in Tetr and Tets E. coli to sub-
therapeutic tetracycline exposure. Figures 3.1, 3.2 and 3.3 depict relative AI-2 activity 
in the three E. coli strains when exposed to 2 µg/mL of tetracycline as a function of 
viable cell counts. In Tetr E. coli Isolate 1 and 12 (Fig. 3.1 and Fig. 3.2), there was no 
significant difference in cell numbers in relation to tetracycline exposure. In Isolate 5 of 
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Tets E. coli strain, however, there was a difference in the viable cell counts depending on 
the presence or absence of tetracycline (Fig. 3.3). As expected, cell numbers remained 
constant in the presence of 2 µg/mL of tetracycline in this tetracycline-sensitive isolate 
during incubation.    
 
 
 
 
Fig. 3.1. Relative AI-2 activity and growth curve of tetracycline-resistant E. coli Isolate 
1. The lines represent the cell numbers (log10 CFU/mL) while the histogram represents 
relative AI-2 activity. Solid lines and dashed lines represent cell numbers in the presence 
and absence of tetracycline (2 µg/mL) exposure respectively. Solid histogram bars and 
empty histogram bars represent relative AI-2 activity in the presence and absence of 
tetracycline (2 µg/mL) exposure. The error bars denote standard deviation of the means 
from three replicates each assayed in triplicate using V. harveyi BB170 (n=9). 
 
 
 
0
200
400
600
800
1000
1200
1400
2 8 20
Incubation Time (h)
Re
la
tiv
e 
AI
-2
 A
ct
iv
ity
 
(fo
ld
)
0
2
4
6
8
10
12
14
lo
g 
10
 (C
FU
/m
L)
a 
b 
c c 
b b 
 39
 
 
 
Fig. 3.2. Relative AI-2 activity and growth curve of tetracycline-resistant E. coli Isolate 
12. The lines represent the cell numbers (log10 CFU/mL) while the histogram represents 
relative AI-2 activity. Solid lines and dashed lines represent cell numbers in the presence 
and absence of tetracycline (2 µg/mL) exposure respectively. Solid histogram bars and 
empty histogram bars represent relative AI-2 activity in the presence and absence of 
tetracycline (2 µg/mL) exposure. The error bars denote standard deviation of the means 
from three replicates each assayed in triplicate using V. harveyi BB170 (n=9). 
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Fig. 3.3. Relative AI-2 activity and growth curve of tetracycline-sensitive E. coli Isolate 
5. The lines represent the cell numbers (log10 CFU/mL) while the histogram represents 
relative AI-2 activity. Solid lines and dashed lines represent cell numbers in the presence 
and absence of tetracycline (2 µg/mL) exposure respectively. Solid histogram bars and 
empty histogram bars represent relative AI-2 activity in the presence and absence of 
tetracycline (2 µg/mL) exposure. The error bars denote standard deviation of the means 
from three replicates each assayed in triplicate using V. harveyi BB170 (n=9). 
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normalized relative AI-2 activity as the index, it is evident that the sensitive strain 
(Isolate 5) had significantly different response pattern of AI-2 activity from the other 
strains after 2 h, 8 h, and 20 h of sub-therapeutic tetracycline exposure (Figs. 3.4, 3.5 and 
3.6). The Tets E. coli (Isolate 5) had significantly increased AI-2 activity under sub-
therapeutic tetracycline exposure by 20 hours.   
There are differences in the AI-2 activity response patterns among tetracycline 
resistant strains exposed to sub-therapeutic tetracycline. This is evident in the resistant 
isolate (Isolate 1) where the normalized relative AI-2 activity was greater in the presence 
than in the absence of tetracycline exposure at 2 hours. In contrast there was no such 
difference in Isolate 12 (Fig. 3.4).  
AI-2 induced tetracycline tolerance development in tetracycline-sensitive strain. To 
test the hypothesis that AI-2 induces tetracycline tolerance in Tets E. coli, we treated Tets 
E. coli (Isolate 5) with CFS (AI-2+) for 30 min prior to the addition of 10 µg/mL of 
chlortetracycline (Table 3.1). About 87% of Tets E. coli cells survived 4-h exposure to 
chlortetracycline when previously treated with LB plus 80% CFS. This survival rate was 
significantly higher (P<0.05) than the 62% and 58% survival rates that were observed 
when exposed to the negative controls (heat-inactivated CFS and LB medium). When 
isolates were transferred to tetracycline-amended (8 µg/mL) LB agar, there was no 
colony formation (data not included). After 20-h exposure to chlortetracycline, the 
survival rate of 69% observed in the CFS treatment group was still significantly higher 
(P<0.05) than that of 50% and 51% observed in the negative controls. However, there 
was no significant difference (P>0.05) in the survival rate of Tets E. coli among three 
treatments when the tetracycline-sensitive strains were exposed to only 20% CFS.   
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Fig. 3.4.  Normalized relative AI-2 activity in tetracycline-resistant and sensitive E. coli 
strains at 2 h in the presence and absence of tetracycline exposure. Solid histogram bars 
represent normalized relative AI-2 activity with tetracycline exposure, and open 
histogram bars represent normalized relative AI-2 activity without tetracycline exposure. 
The results represent means and standard deviation from triplicates (n=9). The same 
isolate with different letter indicate statistically significant difference (p<0.05). 
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Fig. 3.5.  Normalized relative AI-2 activity in tetracycline-resistant and sensitive E. coli 
strains at 8 h in the presence and absence of tetracycline exposure. Solid histogram bars 
represent normalized relative AI-2 activity with tetracycline exposure, and open 
histogram bars represent normalized relative AI-2 activity without tetracycline exposure. 
The results represent means and standard deviation from triplicates (n=9). The same 
isolate with different letter indicate statistically significant difference (p<0.05). 
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Fig. 3.6.  Normalized relative AI-2 activity in tetracycline-resistant and sensitive E. coli 
strains at 20 h in the presence and absence of tetracycline exposure. Solid histogram bars 
represent normalized relative AI-2 activity with tetracycline exposure, and open 
histogram bars represent normalized relative AI-2 activity without tetracycline exposure. 
The results represent means and standard deviation from triplicates (n=9). The same 
isolate with different letter indicate statistically significant difference (p<0.05). 
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Table 3.1. Influence of AI-2 in the survival and tetracycline tolerance of tetracycline-
sensitive E. coli Isolate 5 
Tetracycline 
Exposure 
Time (h) 
Treatment No. of  Viable Cells 
log10 (CFU/mL)† 
log reduction of 
viable cells 
log10 (CFU/mL)* 
0 80% of CFS 3.8 ± 0.14a - 
 80% of heated CFS 4.1 ± 0.14 a - 
 LB media 4.2 ± 0.42a - 
    
 20% of CFS 4.1 ± 0.09a - 
 20% of heated CFS 4.1 ± 0.09a - 
 LB media 3.7 ± 0.37a - 
    
4 80% of CFS 3.3 ± 0.11 0.5 ± 0.11b 
 80% of heated CFS 2.6 ± 0.24 1.5 ± 0.24c 
 LB media 2.4 ± 0.39 1.8 ± 0.39c 
    
 20% of CFS 2.5 ± 0.20 1.6 ± 0.20d 
 20% of heated CFS 2.5 ± 0.10 1.6 ± 0.10d 
 LB media 2.5 ± 0.26 1.2 ± 0.26d 
    
20 80% of CFS 2.6 ± 0.39 1.2 ± 0.39e 
 80% of heated CFS 2.1 ± 0.29 2.0 ± 0.29f 
 LB media 2.1 ± 0.22 2.0 ± 0.22f 
    
 20% of CFS 2.8 ± 0.21 1.4 ± 0.21g 
 20% of heated CFS 2.5 ± 0.40 1.6 ± 0.40g 
 LB media 2.1 ± 0.15 1.6 ± 0.15g 
† *The same tetracycline exposure time with different superscripts indicate statistically significant 
differences (p < 0.05). 
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DISCUSSION 
Given that Isolate 1 and 12 are intrinsically resistant to tetracycline, it is not 
surprising that there were no significant differences in their cell numbers over 20 hours 
irrespective of the presence or absence of tetracycline (2 µg/mL). As expected, Isolate 5 
which was sensitive to tetracycline did not multiply in the presence of the antibiotic stress 
(Fig. 3.3). Previous studies have shown that laboratory E. coli strains and some clinic E. 
coli O157:H7 isolates produce AI-2 but not AI-1 molecules (Cloak et al., 2002; Hardie et 
al., 2003; Sperandio et al., 2001; Surette and Bassler, 1998). AI-2 activity in proper 
proportion to cell density which was observed in the tetracycline-resistant strains (Isolate 
1 and 12) in this study agrees with other reports that AI-2 levels reach their maximal 
levels at the mid-log phase and decline as the cells reach stationary phase (Hardie et al., 
2003; Surette and Bassler, 1998). The increase of AI-2 activity was observed in Isolate 1 
that contains the tet(B) gene increased by 2 h following exposure of the E. coli cell to 
sub-therapeutic tetracycline concentrations (Fig. 3.1), at which tet(B) gene is activated. 
This observation, however, does not agree with the report that AI-2 activity decreased in 
E. coli following over-expression of several heterologous plasmid-encoded genes 
(DeLisa et al., 2001a).   
 These results, which demonstrate AI-2 activity in the absence of cell 
multiplication, are novel. To our knowledge, there have been no other such published 
reports. The phenomenon was observed in the Tets E. coli (Isolate 5) (Fig. 3.3). The Tets 
strain exhibited increasing AI-2 activity over 20 hours in the presence of tetracycline as 
compared to the resistant strains which showed the typical bell-shaped curve of AI-2 
activity. When the AI-2 activity was normalized, it was evident that the Tets E. coli strain 
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had almost three times the amount of AI-2 activity in the presence of sub-therapeutic 
concentrations of the antibiotic as compared to the absence of the antibiotic or in 
comparison to the resistant strains at 20 h.   
S-adenosylmethionine (SAM) is a substrate of the synthesis of AI-2 and serves as a 
methyl donor in the biosynthesis and modification of DNA, RNA and certain proteins. 
The synthesis of AI-2 from SAM is catalyzed by three enzymes working sequentially 
namely, methyltransferases, Pfs nucleosidase and LuxS (Chen et al., 2002; Schauder et 
al., 2001). SAM provides the methyl group by the action of methyltransferases, and is 
converted to S-adenosylhomocysteine (SAH), a toxic intermediate which needs to be 
rapidly hydrolyzed to non-toxic S-ribosylhomocysteine (SRH) and adenine by Pfs 
nucleosidase. Protein LuxS subsequently cleaves SRH to 4, 5-dihydroxy 2, 3-
pentanedione (DPD) followed by random cyclization and combination with boron to 
form AI-2 (Chen et al., 2002; Schauder et al., 2001). The increase of SAM promotes AI-2 
production, and its synthesis is energy dependent. Tetracycline is a bacteriostatic agent 
which inhibits bacterial protein synthesis by preventing the binding of aminoacyl-tRNA 
to ribosome RNA molecules (Roberts, 1996). In the case that protein synthesis is blocked 
in a Tets strain, ATP molecules are built up in a cell and in combination with methionine 
forms SAM (McNab and Lamont, 2003; Schauder et al., 2001). The increased AI-2 
activity in Tets E. coli cells exposed to sub-therapeutic antibiotic stress is likely a result of 
the shift in intercellular metabolism and detoxification.    
 The data in Table 3.1 signify the importance of AI-2-based bacterial 
communication in the survival of Tets E. coli cells in the presence of sub-therapeutic 
tetracycline concentrations.  We thought AI-2 molecules induced Tets E. coli tolerance to 
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tetracycline, because when selected colonies were tested for resistance to 8 µg/mL of 
tetracycline, there was no indication that the cells had indeed become resistant. This 
result is in agreement with previous studies that showed that cell-free supernatants 
induced bacteria resistance to stresses (McDougald et al., 2003; Mulvey et al., 1990; 
Sitnikov et al., 1996). We are presently unsure which particular gene(s) are influenced by 
AI-2 to endow these tolerant cells survivability under these conditions. Beeston and 
Surette (2002) reported that exogenous AI-2 molecules had no effect on the transcription 
of luxS and pfs genes. However, it has also been reported that the expression of a number 
of genes is influenced when the concentration of extracellular AI-2 reaches a particular 
threshold. In E. coli hundreds of genes have been shown to be positively regulated, and 
hundreds of genes are also are negatively regulated by AI-2 molecules (DeLisa et al., 
2001c; Sperandio et al., 2001). The upregulated expression of rpoS gene induces the cells 
to enter the stationary phase, and results in resistance to factors such as osmolarity, 
oxidative agents and high temperatures (Hengge-Aronis, 1999; Loewen et al., 1998; Wei 
et al., 2001; Zambrano and Kolter, 1996). We are currently in the process of identifying 
the E. coli genes that are AI-2 directed and are involved in the tolerance to selected 
antibiotics.  
In conclusion, these results suggest that natural isolates of E. coli can produce AI-2 
in the presence or absence of sub-therapeutic antibiotic stress. More importantly, these 
results provide strong evidence that subjecting a Tets E. coli strain to sub-therapeutic 
tetracycline exposure will induce the increased activity of the universal AI-2. The 
enhanced AI-2 activity can protect the cells from tetracycline stresses and lead to the 
development of tetracycline-tolerant cells, which provides enough recipient cells for 
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genetic transfer. We are currently attempting to understand the relationship(s) between 
AI-2 activity and transfer of antibiotic resistance determinants in enteric bacteria. 
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CHAPTER IV 
AUTOINDUCER 2 (AI-2) PRODUCTION IN ENTERIC BACTERIA 
IN RESPONSE TO SUB-THERAPEUTIC ANTIBIOTIC EXPOSURE 
 
OVERVIEW 
The autoinducer molecule, AI-2 is considered to be a universal signal for regulating 
a wide variety of physiological processes in bacterial cells by regulating gene expression 
patterns. Studies were conducted to observe how E. coli cells would respond to sub-
therapeutic concentrations under continuous culture (chemostat) conditions, to observe 
AI-2 activity by the probiotic chicken microbial consortium (CF3) under in vitro 
conditions simulating a chicken cecum, and to observe the in-vivo AI-2 activity within a 
chicken cecum as a function of exposure to sub-therapeutic levels of chlortetracycline, 
vancomycin and tylosin. When the E. coli cells were in a steady state (under continuous 
culture conditions) at 24 h, AI-2 activity remained stable albeit at only a 20-fold increase 
over baseline conditions. When the E. coli cells under steady state conditions were 
exposed to tetracycline at sub-therapeutic concentrations (2 µg/mL), the results indicate 
increasing AI-2 activity in response to increasing levels of tetracycline. The probiotic 
CF3 culture, however, did not exhibit any AI-2 activity in Viande Levure (VL) medium 
in the presence or absence of sub-therapeutic levels of tetracycline.  In vivo studies 
conducted in the cecum of poultry chicks demonstrate that though AI-2 activity increased 
initially in the presence of vancomycin, there was no significant increase in AI-2 activity 
in the presence of tetracycline or tylosin. Overall, these results suggest that detectable 
levels of AI-2 activity are not evident within the chicken cecum based on the response 
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observed in the in vitro studies conducted with the probiotic CF3 culture,  or in vivo 
within the chicken cecum. The absence of detectable AI-2 activity, and the vulnerability 
of chicks to enteric bacterial pathogen colonization is worthy of further studies.  
 
INTRODUCTION 
There is an expanding interest in understanding the role of bacterial quorum sensing 
as it relates to bacterial responses to “stresses” such as therapeutic and sub-therapeutic 
antibiotic exposure. Previous studies have shown that autoinducer molecules 
oligopeptides, AI-1 and AI-2 and more recently AI-3 are involved in bacterial quorum 
sensing (Taga and Bassler, 2003; Xavier and Bassler, 2003; Sperandio et al., 2003). A 
wide variety of physiological processes, such as sporulation in Bacillus subtilis 
(Grossman, 1995; Koetje et al., 2003; Pottathil and Lazazzera, 2003), competence for 
genetic transformation in Steptococcus pneumoniae (Alloing et al., 1998; Steinmoen et al., 
2002), virulence expression in Staphylococcus aureus (Lina et al., 1998),  Pseudomonas 
aeruginosa (Jude et al., 2003; Hentzer et al., 2003) and  E. coli O157 (Sperandio et al., 
2001, 2003), Ti plasmid conjugation in Agrobacterium tumefaciens (Oger and  Farrand, 
2002; Pappas and  Winans, 2003) and the production of antibiotic in Erwinia caratovora 
(Dong et al., 2001; Byers, et al., 2002), are regulated by quorum sensing in response to 
cell density and environmental stimuli. The autoinducer molecule, AI-2 is considered a 
universal signal for regulation of gene expression in bacteria.  
It has been reported that AI-2 production is influenced by a number of 
environmental factors such as temperature, pH, oxygen, glucose, carbonate ions and 
osmolarity (DeLisa et al., 2001b; Blehert et al., 2003). Antibiotics are widely used in 
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clinical medicine for infectious treatment and in agriculture for animal growth promoters 
at sub-therapeutic levels (Huges and Heritage, 2002; Roberts, 1996). Tetracyclines are a 
family of broad-spectrum antibiotics and are extensively used in human medicine and in 
animal husbandry primarily because of its efficacy and also because it is relatively 
inexpensive (Schnappinger and Hillen, 1996; Teuber, 2001). However, there are concerns 
that the widespread use of this class of antibiotics have led to the emergence of 
tetracycline resistant bacterial populations (Levy, 1986; Roberts, 1996; Blake et al., 
2003a, 2003b; Bahl et al., 2004). Bacterial resistance to tetracycline is mediated primarily 
via mutations in 16s rDNA sequence (Trieber and Taylor, 2002), ribosomal protection by 
resistant genes encoding proteins, efflux pumps, and enzymatic inactivation of 
tetracycline (Taylor and Chau, 1996; Roberts, 1996). Previous studies in our laboratory 
have shown that AI-2 activity increases in tetracycline-sensitive E. coli when exposed to 
sub-therapeutic concentrations of tetracycline. We have observed in batch culture studies 
that increasing AI-2 activity in tetracycline-sensitive E. coli induces these cells to become 
tolerant to sub-therapeutic levels tetracycline. The objective of these studies were a) to 
observe how E. coli cells would respond to sub-therapeutic concentrations under 
continuous culture conditions; b) to observe AI-2 production by a representative chicken 
cecum microbial population under continuous culture conditions; and c) to observe the 
in-vivo AI-2 production within a chicken cecum as a function of exposure to sub-
therapeutic levels of chlortetracycline, vancomycin and tylosin.   
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MATERIALS AND METHODS 
Bacterial strains and chicken cecum microbial populations.  
E. coli strain. The tetracycline-sensitive E. coli strain (Isolate 5) was used in the initial 
continuous culture studies. This strain was isolated from the environment and is a prolific 
AI-2 producer (Lu et al., 2003).  
Vibrio harveyi.  Vibrio harveyi BB170 (luxN::Tn5 sensor 1- sensor 2+), BB120 (AI-1+ 
AI-2+) and BB152 (luxL::Tn5 AI-1- AI-2+) were used for measuring autoinducer AI-2 
activity and were kindly provided by B. L. Bassler (Princeton University, NJ).  
Preempt® CF3 culture. The chicken-derived Preempt® CF3 culture was originally 
propagated from cecal content collected from an adult broiler chicken and maintained 
through CF culture as described by Hume et al. (1997). The microbial populations 
present in the Preempt® CF3 are made up of approximately 29 different strains and have 
been listed previously (Corrier et al., 1995). 
Culture media. Luria-Bertani (LB; Difco, Detroit, MI) medium was supplemented with 
0.5% glucose. Viande Levure (VL) broth contained tryptone (10 g liter-1, Difco), yeast 
extract (5 g liter-1, Difco), beef extract (2.4 g liter-1, Difco), NaCl (5 g liter-1, EM Science, 
Gibbstown, NJ), L-cysteine-HCl (0.6 g  liter-1, Sigma Chemical Co., St. Louis, MO) and 
glucose (2.5 g  liter-1, Sigma Chemical Co.). Auotinducer (AB) medium has been 
described in detail elsewhere (Bassler, et al., 1994; Lu et al., 2004).  
Continuous culture experiments. Continuous culture (chemostat) experiments were 
conducted using overnight LB cultures of E. coli Isolate 5 and the chicken-derived 
Preempt® CF3 cultures maintained in VL broth. These cultures were inoculated into a 
temperature-regulated microfermentor (also named as chemostat; New Brunswick 
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Scientific co. Inc., Edison, NJ) containing 750 mL of LB (1:100, vol:vol) with or without 
glucose, or VL broth. The cultures were maintained at 39°C with agitation (200-rpm), 
and sparged with O2-free nitrogen to maintain anaerobic conditions. The cultures were 
maintained at a constant rate of 0.52 mL/min of VL or LB medium by an automatic pump, 
which was equal to a dilution rate of 0.0416 h-1.  From 6th day onwards, sub-therapeutic 
levels of chlortetracycline (2 and 4 µg/mL) were added to the continuous culture once 
each day for 5 consecutive days. Experiments involving the E. coli Isolate 5 involved the 
use of 2 µg/mL, while the chicken-derived Preempt® CF3 cultures were exposed to 4 
µg/mL. 
Cell density measurement. Three 1-mL samples of the chemostat cultures were 
removed at 5-min, 1-hour, 2-hour, 4-hour, 8-hour, and 24-hour post-tetracycline exposure 
for measuring cell density using OD600 measurements (The samples were also used for 
determining AI-2 activity). OD600 measurements were made using 200 µL of the sampled 
cultures in 96-well microtiter plate (Perkin Elmer Life Science Inc., Boston, MA) with a 
computer-based spectrometer (SpectraMax 340PC, Molecular Devices, Sunnyvale, CA).  
Autoinducer AI-2 activity. The cell-free supernatants (CFS) of the chemostat samples 
were used to measure AI-2 activity. The CFS samples were prepared by centrifuging 0.8-
mL of the sample at 8000 × rpm for 5 min at room temperature. The supernatant was 
filtered using 0.2-µm-pore size syringe filter (Corning, New York, NY) and stored at -
20°C prior to analysis. Vibrio harveyi BB120 and BB152 cell-free supernatants were 
prepared as described as reported previously (Surette and Bassler, 1998). The AI-2 
activity in the CFS was evaluated using the V. harveyi reporter strain described 
previously by Surette and Bassler (1998). Briefly, an overnight culture of V. harveyi 
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reporter strain BB170 was diluted (1:5,000) with fresh AB media. Ninety microliters of 
the reporter strain dilution and 10 µL of each cell-free supernatant sample were mixed in 
an individual well of a 96-well micro-isoplate (Perkin Elmer Life Science Inc., Boston, 
MA). Ten microliters of V. harveyi BB120 and BB152 CFS were used as positive 
controls, and 10 µL of AB media were used as negative. The plates were incubated at 
30°C with shaking. Luminescence was measured every 30 min with a computer-
controlled luminometer (Perkin Elmer Wallac Victor 2). AI-2 activity was expressed as 
relative AI-2 activity, which was the ratio of luminescence unit of a sample and the 
control (negative) sample, and normalized relative AI-2 activity was calculated as relative 
AI-2 activity divided by OD600. 
In vivo AI-2 activity within poultry chicks in response to antibiotic administration. 
One-day chicks were randomly grouped into 4 groups and placed in individual pens in 
separate rooms. The chicks were challenged (by gavage inoculation) with 0.5 mL of 
vancomycin-resistant Enterococcus (roughly 107 CFU/mL). Three groups were fed with 
starter feed containing sub-therapeutic levels (50 g/ton) of vancomycin, chlortetracycline 
and tylosin, respectively, for first 14 days, and then followed by grower feed containing 
sub-therapeutic level of the same antibiotic for the same group. Chicks were provided 
with feed and water ad libitum. Weekly, the ceca of 5 chicks were removed after cervical 
dislocation and the cecal contents were collected. The cecal contents were suspended in 
Butterfield’s buffer (to achieve a 10-fold dilution). The samples were treated such that 
CFS samples were prepared from the cecal contents as mentioned above. The CFS was 
then evaluated for AI-2 activity as mentioned above.  
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Data analysis. The AI-2 activity data that are reported are based on the mean from three 
independent samples assayed using V. harveyi BB170.  All chemostat experiments were 
run in duplicate. The relative AI-2 activity was expressed as the ratio of luminescence 
unit of a sample and the negative control in fold, and normalized relative AI-2 activity 
was calculated as relative AI-2 activity divided by OD600. The data were processed using 
General Linear Model (GLM) in SAS software for mean difference test (version 8.0, SAS 
Institute Inc., Cary, NC). A p value of 0.05 was used as a critical value for statistical 
significance.   
 
RESULTS 
AI-2 activity in E. coli maintained under continuous culture conditions. The E. coli 
Isolate 5 initially seeded into LB broth at a 1% concentration (v/v) was maintained in a 
chemostat at 39°C (under anaerobic conditions). The AI-2 activity increased within the 
first 4 hours and declined by 8 hours. The increase in AI-2 activity initially appears to 
correspond to the increase in cell density, based on the OD600 measurements (Fig. 4.1). 
When the cells were in a steady phase (under continuous culture conditions) at 24 h, AI-2 
molecule production/activity remained stable albeit at only a 20-fold increase over 
baseline conditions. 
Since glucose has been previously shown to affect AI-2 molecule production in E. 
coli, chemostat experiments were performed in which E. coli Isolate 5 cells were 
maintained under continuous culture conditions in LB medium containing 0.5% of 
glucose (Fig. 4.2). The results were similar to that observed when LB without glucose 
was employed. The AI-2 activity increased within 4 h of seeding, however, the activity 
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decreased by 8 h post-inoculation. The culture apparently did not enter steady state 
conditions until 48 h. This is in contrast to that observed under “no-glucose” conditions. 
There was variation in the AI-2 activity from 8 hours to 120 hours post-inoculation. Even 
though the cell numbers were lower in the “plus-glucose” conditions than the “no-
glucose” steady state conditions, AI-2 activity was higher in the presence of glucose than 
when maintained in the absence of glucose.  
AI-2 activity in response to sub-therapeutic chlortetracycline exposure in chemostat 
(continuous culture) maintained E. coli. The effect of exposing the E. coli Isolate 5 
maintained under steady-state (continuous culture) conditions to sub-therapeutic levels of 
tetracycline on AI-2 activity is shown in Fig. 4.3. Chlortetracycline (sodium salt) was 
added once per day in a final concentration of 2 µg/mL for consecutive 5 days. AI-2 
activity and OD600 was monitored at 0.083-, 2-, 4-, 8- and 24-h post-feed of 
chlortetracycline. The values obtained from the 24-hour samples were used as baseline. 
In the absence of glucose, AI-2 activity declined rapidly at 5-min, however, increased 
within 24-h (Fig. 4.3). The cell density, however, decreased slightly. A similar pattern of 
AI-2 activity was observed when the tetracycline sensitive isolate was maintained under 
steady state conditions in the presence of glucose (Fig. 4.4). The AI-2 activity was, 
however, at a higher overall level in the presence of glucose than in the absence of 
glucose. When the AI-2 activity was normalized based on cell counts (to eliminate the 
effect of cell density on the level of AI-2 activity), the results indicate increasing AI-2 
activity when exposed to sub-therapeutic levels of tetracycline (Fig. 4.5, Fig. 4.6).  
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AI-2 activity in Preempt® CF3 cultures maintained under continuous culture 
conditions. Figure 4.7 shows AI-2 activity within the CF3 culture maintained under 
steady state conditions. AI-2 activity decreased at 8-h, and was immeasurable by 24-hour 
post-inoculation.  AI-2 activity was also immeasurable when the CF3 cultures were 
exposed to sub-therapeutic chlortetracycline (4 µg/mL) under anaerobic conditions (Fig. 
4.8). AI-2 activity was below detection limits when the CF3 cultures were maintained in 
VL broth (data not included). To confirm whether there was an AI-2 inhibitory 
compound(s) being produced by the CF3 culture, equal volume of AI-2-containing CFS 
from E. coli Isolate 5 was mixed with CFS from CF3 cultures maintained in VL broth 
and the mixture assayed for AI-2 activity (Table 4.1). The results indicate that even 
though VL broth by itself had no significant effect on AI-2 activity (P>0.05), the CFS 
from the CF3 cultures grown in VL broth significantly inhibited AI-2 activity by almost 
100% as compared to the control sample. The pH of the mixtures (V. harveyi reporter 
strain cultures with AB medium or CFS from CF3) was approximately 6.5 (data not 
shown). There was no significant difference in the pH between the AB medium and the 
CFS from CF3 suggesting that pH differences were not responsible for the inhibition 
from the CF3 culture. There was no significant difference in cell density of the reporter 
strain (P> 0.05) between the control sample in AB medium and the CFS from CF3 
cultures either (Table 4.1).   
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Fig. 4.7. AI-2 activity and OD600 in chemostat-cultivated chicken-derived Preempt® CF3 
in LB broth at 39°C under anaerobic conditions. Each point represents an average of 6 
replicates, and error bar is standard deviation. 
 
 
 
 
 
 
 
 
 
0
200
400
600
800
1000
0.0
8 1 2 4 8 24 36 48 60 72 84 96 10
8
12
0
Incubation Time (h)
R
el
at
iv
e 
A
I-2
 A
ct
iv
ity
 
(fo
ld
)
0
0.2
0.4
0.6
0.8
1
O
D6
00
AI-2 activity OD600
 66
 
 
 
 
 
 
 
 
 
 
0
0.
2
0.
4
0.
6
0.
81
1.
2
1.
4
1.
6
1.
8
0 0
.08
1
2
4
8
24 2
4.0
8
25
26
28
32
48 4
8.0
8
49
50
52
56
72 7
2.0
8
73
74
76
80
96 9
6.0
8
97
98
10
0 1
04
12
0
In
cu
ba
tio
n 
Ti
m
e 
(h
)
Relative AI-2 Activity 
(fold)
00.
2
0.
4
0.
6
0.
8
1
OD600
A
I-2
 a
ct
ivi
ty
O
D
60
0
Fi
g.
 4
.8
. A
I-
2 
ac
tiv
ity
 a
nd
 O
D
60
0 i
n 
ch
em
os
ta
t-c
ul
tiv
at
ed
 c
hi
ck
en
-d
er
iv
ed
 P
re
em
pt
®
 C
F3
 e
xp
os
ed
 to
 su
b-
th
er
ap
eu
tic
 le
ve
l o
f c
hl
or
te
tra
cy
cl
in
e 
(4
 µg
/m
L)
 in
 L
B
 b
ro
th
. C
hl
or
te
tra
cy
cl
in
e 
is
 a
dd
ed
 o
nc
e 
(a
rr
ow
 in
di
ca
te
d)
 
ea
ch
 d
ay
 fo
r 5
 c
on
se
cu
tiv
e 
da
ys
 in
 c
ul
tu
re
 g
ro
w
th
 ra
te
 (0
.0
41
6 
h-
1 )
 o
f s
te
ad
y-
ph
as
e 
ch
ic
ke
n-
de
riv
ed
 P
re
em
pt
®
 
C
F3
 m
ai
nt
ai
ne
d 
in
 c
he
m
os
ta
t i
n 
LB
 m
ed
iu
m
 a
t 3
9°C
 u
nd
er
 a
na
er
ob
ic
 c
on
di
tio
ns
. E
ac
h 
po
in
t r
ep
re
se
nt
s a
n 
av
er
ag
e 
of
 6
 re
pl
ic
at
es
, a
nd
 e
rr
or
 b
ar
 is
 st
an
da
rd
 d
ev
ia
tio
n.
 
 67
Table 4.1. Effect of cell-free supernatants of chicken-derived Preempt® CF3 culture on 
the response of the reporter strain V. harveyi BB170 to AI-2 molecules and on the growth 
of V. harveyi BB170  
Mixtures# Relative AI-2 
activity 
(fold)* 
% Inhibition 
 (%)** 
Viable V. harveyi cells 
(log10 CFU/mL)† 
AI-2 + VL broth 75.68 ± 16.57a - - 
AI-2 + AB medium 93.87 ± 26.70a - 4.32 ± 0.24c 
AI-2 + CFS 
(Preempt® CF3) 
0.88 ± 0.034b 100 4.25 ± 0.07c 
#Mixture was made of equal volume of AI-2-based CFS with each sample of chicken-derived Preempt® 
CF3 culture in VL broth at 39°C under anaerobic conditions or VL broth is mixed, respectively. AB 
medium is mixed with AI-2 molecule-containing CFS as positive control.  The mixtures are subjected to 
AI-2 bioassay using the reporter strain V. harveyi BB170, and AI-2 activity is expressed as relative AI-2 
activity in ratio of luminescence unit of sample and negative control; *Relative AI-2 activity (fold) 
represented the average and standard deviation of triplicate, and values with the same letter were not 
significantly different (P>0.05); **% inhibition was calculated as the formula of 
100)
control as medium AB ofactivity  2-AI Relative
 sample  theofactivity  2-AI lativeRe1( ×− ; †The viable number of reporter strain V. 
harveyi BB170 in the mixture of V. harveyi BB170 suspension and cell-free superatant (9:1) after 
incubation at the same conditions was counted as AI-2 bioassay using direct plating method on AB agar 
plates, and expressed as log10 (CFU/mL). 
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In vivo AI-2 activity within poultry chicks in response to antibiotic administration. 
The levels of AI-2 activity in vivo in response to antibiotic administration are shown in 
Table 4.2. AI-2 activity was exhibited in vivo within poultry chicks. Over the 6-week 
study significant variation in AI-2 activity was shown among each group. Significantly 
increasing AI-2 activity was observed at week 2. The AI-2 activity decreased 
significantly by week 3. Vancomycin at sub-therapeutic levels significantly stimulated 
AI-2 activity compared to the other antibiotics within the first 3 weeks. The increase of 
AI-2 activity was shown at week 2 relative to the control. However, the difference was 
not significant due to large variation. At week 6, AI-2 activity in the chlortetracycline 
treatment group was significantly higher than the control (P<0.05). Table 4.3 shows the 
results obtained when samples that showed immeasurable levels of AI-2 activity were 
analyzed to determine if there were AI-2 inhibitory compounds. It appears that some 
samples significantly inhibited AI-2 activity.   
 
 
 
 
 
 
 
 
 
 
 69
Table 4.2. In vivo *AI-2 activity within poultry chicks in response to antibiotic challenge  
Week Control Chlortetracycline Vancomycin Tylosin 
1 4.2±1.2a,1 5.4±2.1a,1 299.1±119.0b,2 4.6±0.9a,1 
2 141.9±101.8b,1 288.2±169.4b,d,1 664.1±444.1a,2 127.8±32.2b,1 
3 17.3±7.6b,1 9.6±1.6a,d,1 56.3±64.9a,2 8.8±2.26a,b,1 
4 27.6±9.5c,1,2 23.0±11.0b,c,d,2 36.0±13.6a,1 9.7±5.4b,3 
5 9.6±4.3b,1 12.9±8.0a,c,d,1 9.7±3.6a,1 9.1±4.5a,b,1 
6 9.2±5.3a,1 17.6±10.6d,2 12.5±4.6a,1,2 11.8±6.98b,1,2 
*AI-2 activity in each group each week represents an average and standard deviation of 5 chicken cecal 
contents in triplicate (n=15). Values (in the same treatment) with the same character letter were not 
significantly different among weeks (P>0.05), and values (at the same week) with the same number letter 
were not significantly different among groups (P>0.05). 
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Table 4.3.  Effect of cell-free filtrates of chicken cecal contents on response of reporter 
strain V. harveyi BB170 to AI-2 molecules  
Mixtures# Relative AI-2 activity 
(fold)* 
% Inhibition (%)** 
AI-2 + AB medium 93.87 ± 26.70a - 
AI-2 + filtrate (A1) 3.40 ± 0.39b 96.4 
AI-2 + filtrate (B5) 3.01 ± 0.83b 96.8 
AI-2 + filtrate (C4) 0.74 ± 0.06c 100 
AI-2 + filtrate (D1) 1.16 ± 0.18c 98.8 
#Mixture was made of equal volume of AI-2-based CFS with each sample of cell-free filtrates of chicken 
cecal contents with negative AI-2 activity at week 3 (A1 = chick # 1 in control, B5 = chick # 5 in 
chlortetracycline, C4 = chick # 4 in vancomycin, and D1 = chick # 1 in tylosin) are mixed. AB medium is 
mixed with AI-2 molecule-containing CFS as positive control.  The mixtures are subjected to AI-2 bioassay 
using the reporter strain V. harveyi BB170, and AI-2 activity is expressed as relative AI-2 activity in ratio 
of luminescence unit of sample and negative control; *Relative AI-2 activity (fold) represented the average 
and standard deviation of triplicate, and values with the same letter were not significantly different 
(P>0.05); **% inhibition was calculated as the formula of  
100)
control as medium AB ofactivity  2-AI Relative
 sample  theofactivity  2-AI lativeRe1( ×− . 
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DISCUSSION 
This study provides an insight into the patterns of AI-2 activity when either E. coli 
or a defined microbial consortium (CF3) are maintained under continuous culture 
conditions and challenged with sub-therapeutic concentrations of tetracycline. The study 
also illustrates the in-vivo pattern of AI-2 levels in chicken cecum when exposed to sub-
therapeutic concentrations of tetracycline, vancomycin and tylosin. The results 
demonstrate that a tetracycline-sensitive E. coli isolate does produce AI-2 in LB broth 
(with or without glucose). These results are in agreement with previous reports (Surette et 
al., 1999; DeLisa et al., 2001b). More importantly, the results of this study reveal the 
potential for E. coli to produce AI-2 molecules under anaerobic conditions that normally 
exist within the intestines. To our knowledge, this is the first study reporting on AI-2 
activity in E. coli under anaerobic in vitro conditions. The pattern of AI-2 activity in the 
chemostat-maintained E. coli isolate was similar to our previous studies as well as that of 
others (Lu et al., 2003; Surette and Bassler, 1998). Interestingly, however, AI-2 activity 
decreased by 8-h post-inoculation, even though the cell density was high. DeLisa et al. 
(2001b) have reported on this non-linear relationship between growth rate and AI-2 
activity. They suggest that AI-2 activity can be significantly reduced when the growth 
rate is 0.45 h-1. In this study, the dilution rate was calculated to be approximately 0.04 h-1, 
a 10-fold decrease below the lowest threshold. Insufficient substrates rather than 
enzymatic inactivation have been reported as the cause for this non-linear relationship 
(Hardie et al., 2003). Withers and Norsstrom (1998) have reported that when E. coli cells 
are exposed to the high concentrations of AI-2 molecules, cell division is repressed. This 
could possibly explain the cell density decreases at 8-hour post-inoculation in LB 
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medium containing glucose compared to LB medium without glucose. The increased AI-
2 concentration in the “plus glucose” treatment could have repressed cell division. The 
increased AI-2 activity in the LB medium containing glucose is in agreement with 
previous studies (DeLisa et al., 2001b; Beeston and Surette, 2002). 
Previous results from our studies have shown that AI-2 activity increased in 
tetracycline-sensitive E. coli isolate when exposed to sub-therapeutic level of tetracycline 
in LB medium containing glucose under batch culture conditions (Lu et al., 2003). In this 
study too, AI-2 activity increased in tetracycline sensitive E. coli cells when exposed to 
increasing concentrations of sub-therapeutic concentrations of tetracycline under 
anaerobic continuous culture conditions. Every time when chlortetracycline was pulsed 
into the chemostat, AI-2 activity decreased within 5-min post-challenge. However, the 
decrease in AI-2 activity was lower compared to the previous pulse.   
 A majority of the previous studies related to quorum sensing have involved pure 
cultures of bacteria. Autoinducer AI-2 based quorum sensing molecules have been 
reported in rumen contents (Erickson et al., 2002) and in chemostat-cultivated fecal 
contents from healthy humans (Sperandio et al., 2003). In this study too, AI-2 activity 
was detected in chemostat-cultivated chicken-derived microflora of Preempt® CF3 
culture in LB medium under anaerobic conditions. There were 2 peaks of AI-2 maximal 
activity, one at 5- min and the other at 4-hour post-inoculation. However, under steady 
state conditions, and when the cells were exposed to sub-therapeutic concentrations of 
chlortetracycline, AI-2 activity was below detection limits. There was no measurable AI-
2 activity when the CF3 cultures were maintained in VL broth. Based on the experiments 
that were performed to identify the possible reasons for inhibition, it appears that an 
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unknown inhibitory compound(s) is/are inhibiting AI-2 activity (Table 4.1). It will be 
interesting to identify whether the inhibition of AI-2 activity in the microbial consortium 
conditions could be linked to the anti- Salmonella Typhimurium and Listeria 
monocytogenes properties of the CF3 microbial consortium (Hume et al., 1996, 1998a, 
1998b; Corrier et al., 1995). The possible links between presence of AI-2 activity in vivo 
in the cecal contents of chicks and the susceptibility of chicks to enteric bacterial 
colonization is worthy of further investigation. The significantly increased AI-2 activity 
that was observed in the chicks in week 1 and week 2 when exposed to vancomycin but 
not the other antibiotics is intriguing. The presence of compound(s) inhibitory to AI-2 
activity was evident in the cecal contents of the chicks. Overall, these results suggest that 
AI-2 molecules (a key signal in bacterial quorum sensing) are present though transiently 
within the microbial consortia in the ceca of young chicks. It is also evident that AI-2 
activity can increase within these consortia depending on the type of antibiotic that is 
administered. Thus, it will be interesting to understand the mechanistic relationships that 
exist between presence of AI-2 activity, microbial consortia characteristics, and the 
vulnerability of poultry chicks to enteric bacterial pathogen colonization. We are 
attempting to address these fundamental questions. 
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 CHAPTER V  
AUTOINDUCER 2 (AI-2)-BASED QUORUM SENSING PROMOTES 
trbC GENE EXPRESSION AND CONJUGAL TRANSFER OF tet(A) 
GENE IN RESPONSE TO SUB-THERAPEUTIC TETRACYCLINE 
EXPOSURE IN ESCHERICHIA COLI 
 
OVERVIEW 
The horizontal transfer of antibiotic resistance genes among bacteria is considered 
to be responsible for the dissemination of antibiotic resistance phenotypes. 
Administration of sub-therapeutic doses of antibiotics such as tetracycline is thought to 
be responsible for the spread of antibiotic resistance organisms. Laboratory experiments 
were conducted to identify whether the bacterial quorum sensing signal autoinducer 2 
(AI-2) is involved in the expression of genes (trbC and traI) related to conjugal transfer 
of genes and to determine whether the presence of AI-2 molecules enhances the 
transconjugation frequency of a plasmid (RP4) carrying the tet(A) gene. The experiments 
were conducted with E. coli AM0076 (harboring plasmid RP4) as donors and E. coli 
AM1087 as recipients. The transfer frequency (based on donor population) was 3.5 ×10-5 
- 3.3×10-6 when donors were exposed to AI-2 signals in comparison to 5.4×10-7 - 5.5×10-7 
and 2.0×10-6 - 4.5×10-7 as observed in the negative controls (AI-2 negative samples and 
LB medium, respectively). Gene expression studies performed using real-time PCR 
analysis indicated that the pilin-encoding trbC gene mRNA levels increased 3.2-fold 
when exposed to AI-2 molecules, and up to 9.0-fold in cells when the donor cells were 
exposed to AI-2 molecules plus sub-therapeutic tetracycline for 30 minutes. The relaxase-
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encoding traI gene mRNA levels, however, were regulated by 0.2-fold (in the presence of 
AI-2) and 0.6-fold (in the presence of AI-2 and sub-therapeutic tetracycline). These 
results indicate that AI-2-based quorum sensing can affect the transcription of at least one 
conjugation-associated gene (trbC) and also enhance conjugation transfer frequency of 
plasmid RP4 carrying tet(A) among E. coli strains.    
 
INTRODUCTION 
It was as early as 1959 that commensal E. coli was shown to serve as a donor for 
resistance genes to pathogenic Shigella dysenteriae (Hartman et al., 2003). Recent studies 
have shown that antibiotics used either therapeutically or sub-therapeutically can promote 
the persistence of antibiotic resistance genes within the commensal microflora (Blake et 
al., 2003b; Khachatryan et al., 2004). Commensal organisms such as E. coli,  Bacteriodes 
and Enterococcus can carry antibiotic resistance plasmids and serve as a repository of  
antibiotic resistance genes (Roe et al., 2003b; Moubareck et al. 2003; Shoemaker et al., 
2001; Bahl et al., 2004; Blake et al., 2003a; Mizan  et al., 2002). Gene transfer frequency 
via conjugation is influenced by a number of factors including cell density, growth phase 
of donor and recipient cells, and presence of antibiotics and nutrient levels (Smith, 1975, 
1977a, 1977b; Fernandez-Astorga et al., 1992; Muela et al., 1994; Blake et al., 2003a; 
Whittle et al., 2002a, 2002b; Bahl et al., 2004).  
Quorum sensing is becoming recognized as a cell density-dependent phenomenon 
in microorganisms, which allows microbial populations to coordinately control the 
expression of multiple genes and thereby the physiological processes in bacterial cells 
(Miller and Bassler, 2001). It is believed that quorum sensing systems are utilized by 
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bacteria to coordinately regulate their responses to environmental stimuli (Surette and 
Bassler, 1998; Sperandio et al., 1999, 2001; DeLisa et al., 2001b, 2001c).  Presently, 3 
different types of autoinducer molecules, namely acylated homoserine lactones (also 
termed autoinducer 1, AI-1), furanosyl borate diester (AI-2) and oligopeptides, are 
thought to act as signal molecules for inter- and intra-bacterial communications (Miller 
and Bassler, 2001; Chen et al., 2002). Different processes such as bioluminescence, 
virulence expression, plasmid transfer in Agrobacterium tumefaciens, biofilm formation, 
bacterial sporulation, and antibiotic synthesis are regulated by autoinducers in response to 
environmental stimuli and stresses (Miller and Bassler, 2001; Oger and Farrand, 2002; 
Sperandio et al., 1999, 2001; Steinmoen et al., 2002; Dong et al., 2000). Autoinducer-
based quorum sensing systems are hypothesized to play a role in the development of 
antibiotic resistance in bacteria. Steinmoen et al. (2002) reported that an oligopeptide 
pheromone induces Streptococcus pneumoniae to become competent for uptake of free 
DNA from the surrounding medium and incorporation of this DNA into its genome 
through homologous recombination. Muscholl-Silberhorn et al. (1997) have hypothesized 
that an oligopeptide secreted by Staphylococcus aureus induces gene transfer from 
Escherichia faecalis to S. aureus. AI-1 has been shown to regulate replication and 
conjugation genes of Ti plasmids in A. tumefaciens and plasmid pNGR234a in Rhizobium 
sp. strain NGR234 (He et al., 2003; Luo et al., 2003). AI-2 molecules are generally 
considered as a universal signal molecule in bacterial cells, because LuxS, the protein 
responsible for the synthesis of AI-2, is highly conserved among both Gram-negative and 
Gram-positive bacteria (Xavier and Bassler, 2003). Previous studies have shown that AI-
2-based quorum sensing controls the expression of a number of different genes 
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(Sperandio et al., 1999, 2001; DeLisa et al., 2001b, 2001c; Duan et al., 2003; Hammer 
and Bassler, 2003; Taga et al., 2001).  
Previous studies in our laboratory have documented the increase in AI-2 activity in 
E. coli when the cells were exposed to sub-therapeutic concentrations of tetracycline 
under batch and continuous culture (chemostat) conditions. The underlying hypothesis of 
the present study was that AI-2-based quorum sensing promotes the development of 
tetracycline resistance in E. coli by enhancing the expression of conjugation-related genes 
trbC and traI when exposed to sub-therapeutic tetracycline concentrations. The trbC gene 
encodes the pilin protein that makes up the sex pilus (involved in gene transfer) while the 
traI is involved in relaxosome formation for nicking plasmid DNA. The objectives of this 
study were to evaluate the influence of AI-2 molecules on a) the expression of the trbC 
and traI by using real-time PCR assays to measure gene expression, and b) the 
transconjugation frequency of a plasmid carrying the tetracycline resistance gene. The 
transconjugation frequency (in response to the presence of AI-2 molecules) was 
evaluated using the IncP plasmid RP4, a broad host range conjugative plasmid, which 
carries the tetracycline resistance gene. 
 
MATERIALS AND METHODS  
Bacterial strains, plasmids, media and growth conditions. The bacterial strains and 
plasmids used in this study are listed in Table 5.1. E. coli strains were grown aerobically 
at 37ºC in Lauria-Bertani (LB; Difco, Detroit, MI) broth or on agar plates and incubated 
overnight. E. coli AM1087 that carries the plasmid pRL277 which confers spectinomycin 
and streptomycin resistance was used as a recipient, and E. coli AM0076 that carries IncP 
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plasmid RP4 conferring ampicillin, tetracycline and kanamycin resistance was used as a 
donor in conjugation assays. 
 
Table 5.1. Strains and plasmids used in this study 
Bacterial strains and 
plasmids 
Genotype and description Source 
Bacterial strains   
E. coli Isolate 1 Poultry isolate, AI-2 producer, Tcr This study 
E. coli DH5α   Non-AI-2  producer  J. Golden 
E. coli AM1087  Carrying plasmid pRL277, Spr Smr, as 
recipient 
 J. Golden 
E. coli AM0076 Carrying conjugative plasmid RP4, Tcr 
Ampr Kanr, as donor 
 J. Golden 
Vibro harveyi BB170 luxN::Tn5 sensor 1- sensor 2+ for AI-2 
assay 
B. L. Bassler 
Vibro harveyi BB152 luxL::Tn5 AI-1- AI-2+ as positive control B. L. Bassler 
Plasmids   
RP4 IncP Conjugative plasmid, Tcr Ampr Kanr J. Golden 
pRL277 Spr Smr   J. Golden 
pSL18 tet(A) in E. coli   L. K. Ng 
 
 
 79
The reporter strain V.  harveyi BB170 (luxN::Tn5 sensor 1- sensor 2+) that only 
senses AI-2 molecule, and AI-2-producing V. harveyi BB152 (luxL::Tn5 AI-1- AI-2+) 
were used for the AI-2 bioassays. The Autoinducer Bioassay (AB) medium was used as 
the growth medium for studies involving these cultures (Bassler et al., 1994; Lu et al., 
2004).  
 Cell-free supernatant (CFS) preparation. E. coli Isolate 1 and E. coli DH5α strain 
were inoculated (10%, v/v) into LB supplemented with 0.5% glucose, respectively. After 
8-h shaken incubation at 37°C, cell-free supernatants (CFS) were prepared by 
centrifugation (8000× rpm for 5 min at 4°C) followed by filtration through 0.2-µm-pore 
size syringe filter (Corning, New York, NY). The CFS was stored at –20°C until used for 
treatment in gene expression and bacterial mating experiments.   
Growth curve and AI-2 activity in donor and recipient cells. Individual 50-mL Falcon 
tubes with LB broth were inoculated (1:10,000) with overnight cultures of either E. coli 
AM0076 (donor) or E. coli AM1087 (recipient) and incubated at 37ºC with shaking at 
100 rpm. Aliquots (1 mL) were collected for the preparation of cell-free supernatants 
(CFS) as described above, and 1 mL for serial dilutions to enumerate cell number. The 
CFS samples were stored at -20ºC until AI-2 activity was measured.      
AI-2 activity bioassay. The assay was performed as described by Surette and Bassler 
(1998). An overnight culture of V. harveyi BB170 was diluted (1:5,000) with fresh AB 
media.  Ninety microliters of this cell suspension were mixed with 10 µL of the sample 
obtained above in a 96-well micro-isoplate (Perkin Elmer Life Science Inc., Boston, 
MA). The cell-free supernatant (10 µL) of V. harveyi BB152 strains were used as positive 
controls, and 10 µL of AB media was used as the negative control. The micro-isoplates 
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were shake-incubated (100 rpm) at 30°C in a Lab-Line Orbital Shaker Incubator (Melrose 
Park, IL).  Luminescence was measured every 30 min using a Perkin Elmer Wallac 
Victor 2 luminometer.  AI-2 activity was expressed as relative AI-2 activity. 
RNA extraction. Fifty-milliliter cultures of E. coli AM0076 were grown aerobically 
overnight at 37°C in LB broth with tetracycline (10 µg/mL). The cells were harvested by 
centrifugation (8000×rpm for 10 min at 30°C) and washed 3 times with pre-warmed LB 
broth and resuspended in 50-mL fresh LB pre-warmed LB broth. The culture was 
inoculated (10%, v/v) into a total volume of  10 mL of (i) fresh LB broth; (ii) LB broth 
plus CFS (80%); and (iii) LB plus CFS and tetracycline (10 µg/mL). The samples were 
incubated for 30 min at 37°C. The total RNA from these cultures was purified from a 10-
mL sample of E. coli AM0076 cultures by using RibopureTM-Bacteria kit (Ambion, 
Austin, TX). Residual DNA was removed by incubation with 2 U of RNase-free DNase 
(Ambion, Austin, TX) for 30 min at 37°C, followed by incubation with 0.1 volume of 
DNase inactivation reagent (Ambion) for 2 min at room temperature. The samples were 
centrifuged to collect the supernatants. The amount of RNA extracted was quantified 
using a BioPhotometer (Eppendorf, Germany), and its integrity was checked by 
electrophoresis in 1.5% agarose gels.  
cDNA preparation. Reverse transcription was performed with 0.2 -1 µg of total RNA 
incubated with 2 µL of MuLV reverse transcriptase (2.5 U/µL, Applied Biosystems, 
Foster city, CA) in the presence of random hexamers at the final concentration of 2.5 µM, 
dNTP (1 mM) and 1 U/µL of RNase inhibitor (Applied Biosystems) in a total reaction 
volume of 40 µL for 30 min at 42°C followed by 99°C for 5 min and 5°C for 5 min. The 
cDNA templates were stored at -20°C prior to use in the real-time PCR assay.  
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Real-time PCR amplification. The cDNAs from the different treatments were used as 
templates for real-time PCR amplification using the ABI prism 7900HT SDS (Applied 
Biosystems, Foster city, CA).The software was set in the relative quantification mode. 
The primer sequence and amplicon details are shown in Table 5.2. The amplifications 
were performed in 384-well plates. The 20-µL reaction mixtures contained 10 µL of 
SYBR Green PCR master matrix (Applied Biosystems), optimal concentrations of each 
specific oligonucleotide primer and 1 µL of diluted cDNA. The reaction conditions were 
as follows: 1 cycle at 95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 1 min. 
The concentrations of each pair of the primers were optimized using the combination of 
forward and reverse primer at the final concentration of 50, 450, 750 and 900 nM. 
Negative controls without the cDNA templates were run in parallel. Dissociation curves 
were performed for the amplified product. Each sample was run in triplicate. 
 
 
Table 5.2. Primers used for conjugation-associated gene expression using real-time PCR 
Primera Sequence (5’-3’)  Tmb (°C) Position 
16s Rrna-F CCAGCAGCCGCGGTAAT 59 512-529 
16s rRNA-R TGCGCTTTACGCCCAGTAAT 59 573-553 
traI-F CGTCAGTGCCGTGCATCA 60 312-319 
traI-R GGGTCGGGTGAATCTTGTTG 59 382-363 
trbC-F CGCGGCATTTTGTTCTACCT 59 37-56 
trbC-R CCGGATGCGCGGATAA 59 100-85 
             a GenBank accession number for 16s rRNA is AJ605115, and X54459 for traI and M93696 for trbC.  
b Tm as calculated with Primer Express 2.0 software (Applied Biosystems, Foster city, CA). 
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The critical threshold cycle (Ct) is defined as the cycle at which the fluorescence 
becomes detectable above background levels due to incorporation of SYBR Green dye 
into the double stranded amplified DNA. Fluorescence intensity of SYBR Green dye was 
normalized to a passive reference dye (carboxy-x-rhodamine, ROX) included in the 
master matrix. The Ct value is inversely proportional to the logarithm of the initial copies 
of template molecules. To quantify traI and trbC mRNA levels derived from the different 
treatments namely, CFS (AI-2+) and CFS (AI-2+) plus tetracycline, the amount of 16s 
rRNA in each sample was used as an endogenous control for normalization. The traI and 
trbC mRNA levels derived from the LB treatment (control) were used as calibrators. The 
relative quantity (fold) of the target genes was expressed as the following formula of 
 2
 controlin  levels 
ntin treatme levels 
tC
mRNA
mRNA ∆∆−=  
where control
rRNA  16sgenetarget 
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rRNA  16sgenetraget )-(-  )- ( ttttt CCCCC =∆∆ .  
The RNA was extracted from each of the different treatments and analyzed using 
the real-time PCR assay. 
Bacterial mating experiments. Experiments were conducted to evaluate whether AI-2 
molecules enhanced the transfer frequency of the transmissible plasmid RP4. Bacterial 
mating assays were performed in liquid as described by Thomas et al. (2000) with minor 
modifications. Briefly, E. coli AM0076 (donor) and E. coli AM1087 (recipient) were 
grown separately on LB agar plates containing their respective antibiotics. After 
overnight incubation at 37°C, a single colony was used to inoculate separately 30 mL of 
LB broth containing the appropriate antibiotic and incubated overnight at 37°C with 
shaking (80 rpm). The donor and recipient cells were washed 3 times with pre-warmed 
LB broth. The recipient cells were suspended in 5 mL of pre-warmed LB broth, and 
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donors were suspended in 5 ml of LB broth containing 80% cell-free supernatant (AI-2+).  
The 80% CFS concentration was chosen based on previous studies which showed that 
80% CFS provides detectable responses if any. The donor and recipient cultures were 
incubated at 37°C for 30 min. The donor cells treated with LB broth and LB plus CFS 
from E. coli DH5α (a non AI-2 producing strain) were used as negative controls. Each 
treatment was prepared in triplicates. Equal volume (1 mL) of donor and recipient cells 
were mixed, and these mixtures were incubated for 30 min at 37°C. The E. coli 
transconjugants were selected on LB agar plates containing the appropriate antibiotics as 
selective agents at appropriate concentrations. The antibiotic concentrations were used as 
follows: streptomycin, 20 µg/mL; spectinomycin 20 µg/mL; ampicillin, 100 µg/mL; 
tetracycline, 10 µg/mL and kanamycin, 50 µg/mL. The transconjugant colonies were 
enumerated after overnight incubation at 37°C.  The donor and recipient cell numbers 
were also enumerated on LB agar.      
The transconjugants that were selected were sub-cultured in LB broth under 
selective pressure. The transconjugants were later subjected to pulse field gel 
electrophoresis (PFGE) analysis (to determine whether plasmid RP4 and pRL227 
coexisted in transconjugants) and PCR amplification (to confirm the presence of tet(A) 
gene). 
Pulsed field gel electrophoresis. To determine whether plasmid RP4 and pRL227 
coexisted in transconjugants, pulse-field gel electrophoresis (PFGE) analysis was 
performed. Overnight cultures of transconjugants in LB broth with selective antibiotics 
were pelleted by centrifugation at 20°C for 5 min at 8000 × rpm. The cells were washed 
twice with 0.01 M of phosphate buffer saline (PBS, pH 7.2), and suspended in PBS. 
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Equal volumes of pre-heated (45°C in a water bath) 1% low melting point agarose (Bio-
Rad Laboratories, Richmond, CA) and cell suspensions were mixed gently. The mixtures 
were poured into molds and held at 4°C to solidify plugs. The transconjugants cell-
embedded plugs were incubated overnight at 50°C in lysis solution (0.5M EDTA (Sigma 
Chemical Co., St. Louis, MO), pH9.3, 1% N-lauroyl-sarcosine (Sigma), 0.2 mg/ml 
Proteinase K (Boehringer Mannheim, Indianapolis, IN)).  One plug from each sample 
was treated with phenylmethylsulfonyl fluoride (Sigma Chemical Co.), and washed for 
30 min three times with TE (10 mM Tris (USB Specialty Biochemicals, Division of 
Amersham Life Science, Inc., Cleveland, OH), pH 8.0; 1 mM EDTA) followed by 
equilibration with digestion buffer for nuclease S1 according to manufacturer’s 
instruction (Promega, Madison, WI). One plug of each sample was digested with 6 U of 
nuclease S1 for 1 h at 37°C, and one third of each plug was placed in wells of a 1% 
agarose gel (Roche Diagnostics, Indianapolis, IN).  PFGE was performed on a CHEF 
Mapper® XA Pulsed Field Gel Electrophoresis System (Bio-Rad Laboratories) in 0.5× 
TBE (Tris-Broic acid-EDTA (0.089 M Tris, 0.089 M boric acid, 0.001 M EDTA 
(pH8.0)) for 15.16 h at 12°C with initial switch time of 0.22 s, final switch time of 3.36 s 
(for 5-60 Kb fragments), and voltage of 6.0 V/cm.  Gels were stained with ethidium 
bromide for 30 min and de-stained with 1 mM of magnesium sulfate for another 30 min.  
Images were recorded using a digital imaging system (ChemiImager 4000 Low Light 
Imaging System, AlphaEase Software, version 3.3a, Alpha Innotech Corporation, San 
Leandro, CA). 
PCR amplification for tet(A). Overnight cultures of transconjugants in LB broth with 
selective antibiotics (ampicillin, tetracycline, streptomycin and spectinomycin) were 
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pelleted with centrifugation, and suspended in 200 µL of PrepManTM Ultra reagent 
(Applied Biosystems, Foster city, CA). The DNA was extracted from these cell pellets 
per the manufacturer’s recommendations. Three microliters of the final supernatant was 
used for PCR amplification. The PCR primers for the amplification of tet(A) were F-
GCTACATCCTGCTTGCCTTC and R-CATAGATCGCCGTGAAGAGG, which produced 
210 bp. The Hot start PCR protocols were used and the reactions were conducted on the 
GeneAmp® PCR system 2700 (Applied Biosystems) using the following cycling 
conditions.: 94ºC for 5 min for 1 cycle, and 35 cycles of 94ºC for 1 min, 55ºC for 1 min 
and 72ºC for 1.5 min followed by a final extension of 72ºC for 10 min and 4ºC for 
holding. The PCR products were analyzed on a 2% agarose gel in 0.5×TBE and 
documented using a digital image capture system. 
Statistics analysis. All experiments were done in triplicate.  AI-2 activity was expressed 
as relative AI-2 activity, which was calculated as the ratio of bioluminescence of the test 
sample to the negative control sample. Transconjugant frequency was calculated by 
dividing transconjugant numbers observed in each treatment groups by the initial number 
of donor and recipient cells, respectively.  
 
RESULTS 
AI-2 activity. Figures 5.1 and 5.2 show the growth kinetics and AI-2 activity in E. coli 
AM1087 (recipient) and E. coli AM0076 (donor) in LB broth under batch culture 
conditions. Overnight cultures of donor or recipient were inoculated into fresh LB broth 
displayed typical growth pattern within 24 h. AI-2 production started to increase 
significantly at exponential phase in both donor and recipient, and reached maximum at 
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early stationary phase (ca. 8 h), while AI-2 levels decreased extremely to undetectable 
levels at the stationary phase (24 h).  
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Fig. 5.1. Growth pattern of E. coli AM0076 (donor cells) and E. coli AM1087 (recipient 
cells) at 37ºC in LB broth. Each point represents the average and standard deviation of 
triplicates. Solid line, E. coli AM0076, and dot line, E. coli AM1087. 
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Fig. 5.2. Relative AI-2 activity and E. coli populations at 37ºC in batch culture. E. coli 
AM0076 (donor cells) (solid bar = relative AI-2 activity; solid line = bacterial cell 
numbers) and E. coli AM1087 (recipient) (blank bar = relative AI-2 activity, dot line = 
bacterial cell numbers).  Values represented as the mean and standard deviation of 
triplicates. 
 
 
 
Effect of AI-2 on conjugation frequency. Laboratory strain E. coli DH5α does not 
produce AI-2 molecules (Surette et al., 1999) and the CFS from E. coli DH5α were also 
used as negative controls in this experiment. Table 5.3 shows the conjugation frequency 
in the 30-min. bacterial mating experiments.  When the donor cells were exposed to AI-2-
containing CFS (AI-2+) for 30 min, the transconjugation frequency ranged between 
3.5×10-5 - 3.3×10-6 per donor or 4.3×10-5 - 4.6×10-6 per recipient. In contrast, when the 
donor cells was treated with cell-free supernatant (AI-2-) of E. coli DH5α, conjugation 
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frequency was 5.4×10-7 - 5.5×10-7 per donor and 2.6×10-6 - 2.7×10-6 per recipient. When 
LB broth was used as the other negative control, the transconjugation frequency of 
2.0×10-6 - 4.5×10-7 per donor and 1.3×10-6 - 7.2×10-7 per recipient was observed.  
Representative plasmid profiles of the transconjugants as observed with PFGE are shown 
in Figure 5.3. The transconjugants displayed three plasmids ranging in size from 60, 23 
and 6.5 Kb which corresponds to the plasmids in the donor and the recipient cells.  The 
PCR amplification showed the presence of the characteristic 210-bp-sized amplicon 
which is indicative of the presence of tet(A) in the transconjugants (Fig. 5.4). 
 
Table 5.3. Transconjugation frequency of IncP plasmid RP4 in E. coli as affected by 
exposure to AI-2 containing cell free supernatant (CFS) 
Treatment  Range of transonjugation 
frequency a 
(# conjugants/ #donors) 
Range of transonjugation 
frequency b 
(# conjugants/# recipients) 
CFS (containing  
AI-2 activity) 
3.5 ×10-5 - 3.3×10-6 4.3×10-5 - 4.6×10-6 
CFS (without  
AI-2 activity) 
5.4×10-7 - 5.5×10-7 2.6×10-6 - 2.7×10-6 
LB  2.0×10-6 - 4.5×10-7 1.3×10-6 - 7.2×10-7  
a Transconjugation frequency based on the number of transconjugants per input donor;  
b Transconjugation frequency based on the number of transconjugants per input recipient;  
The data represent the average range of three independent experiments, each experiment has triplicate.  
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Fig. 5.3.  Plasmid profile analysis of representative transconjugants by PFGE. Lane M, 
PFG ladder (lambda) DNA marker; Lanes 1-12, transconjugants; Lane 13, donor of E. 
coli AM0076; Lane 14, recipient of E. coli AM1087. 
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Fig. 5.4. PCR amplification for tet(A) gene on plasmid RP4 in transconjugants. Lane M, 
Benchtop pGEM® DNA marker; Lane 1, recipient of E. coli AM1087; Lane 2, donor of 
E. coli AM0076; Lanes 3-14, transconjugants; Lane 15, pSL18 as positive control.   
Fig 4. PCR amplification for tet(A) gene on plasmid RP4 in transconjugants. Lane M, 
Benchtop pGEM® DNA marker; Lane 1, recipient of E. coli AM1087; Lane 2, donor of 
E. coli AM0076; Lanes 3-14, transconjugants; Lane 15, pSL18 as positive control.   
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Expression of traI and trbC genes on plasmid RP4 in E. coli.  The expression of 
conjugation-related gene trbC and traI was quantified using real-time PCR amplification. 
For each of the gene, amplifications were performed on three replicate RNA samples 
(which were obtained from the three experimental replicates) from each treatment. The 
abundance of trbC mRNA levels increased 3.2-fold in LB plus CFS (containing AI-2) 
and 9.0-fold in LB plus CFS (containing AI-2 and tetracycline), compared to the trbC 
mRNA that were observed in the CFS from LB broth (Table 5.4). In contrast, the levels 
of traI mRNA were 0.2- fold in LB plus CFS (containing AI-2) and 0.6-fold in LB plus 
CFS (containing AI-2 and tetracycline), compared to the levels of traI mRNA in LB 
control samples.   
 
Table 5.4. Relative quantitation of traI and trbC gene mRNA level using real-time PCRa 
Treatment traI trbC 
LB (negative control) 1 1 
CFS (containing AI-2 activity) 0.2 ± 0.057 3.2 ± 0.117 
CFS (containing AI-2 activity) + 
tetracycline (10 µg/ml) 
0.6 ± 0.202 9.0 ± 1.463 
aLevels of traI and trbC genes are shown as mean ± standard deviation (n=9) in comparison to LB broth as 
negative control.  
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DISCUSSION 
The results clearly show that AI-2 activity is involved in enhancing the expression 
of the pilin –encoding trbC gene and is also involved in promoting conjugation. These 
results, to the best of our knowledge, are the first to demonstrate that AI-2 –based 
quorum sensing is directly involved in enhancing transconjugation frequency and the 
expression of genes involved in conjugation-related activities. The AI-2 activity in both 
donor and recipient cells in LB broth started to increase significantly from 5-h post-
inoculation in LB medium and reached its maximum at early stationary phase. It has been 
reported that maximum piliation is attained at the end of the exponential phase and that 
maximal conjugation frequency is also detectable at the early stationary phase of donor 
cells (Novotny and Lavin, 1971; Muela et al., 1994). These early studies support our 
results. In this study, we used CFS from a prolific AI-2 producer (E. coli Isolate 1) from 
the exponential phase and added it to fresh LB broth (4:1, vol:vol; CFS:LB) to treat the 
donor cells for 30 min. The donor and recipients cells were incubated together for another 
30 minutes, and mixed equal volume of the donors and the recipients in liquid condition 
for another 30 min. The transconjugation frequency (based on donor cells) arising from 
donor cells that were exposed to AI-2 molecules was 10- to 100-fold compared to 
transconjugants arising from donors treated by CFS from control treatments such as E. 
coli DH5α (a non-AI-2 producing strain), and 10-fold relative to LB broth. It must be 
emphasized here that the increased transconjugation frequency that was observed may 
actually be an underestimation because both the donor and recipient cells produce AI-2 
molecules and so even the negative control (cells exposed LB medium alone) may have 
been exposed to some AI-2 molecules originating from the cells themselves. This 
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assumption is supported by the sizeable difference in the transconjugation frequency that 
was observed between the E. coli DH5α CFS-treated group and the LB broth-treated 
group.  
A number of different steps at the molecular level are involved in conjugation 
(Maloy et al., 1994). Mating pair formation (Mpf) and the transfer of nicked single 
stranded plasmid DNA in the relaxosome are two such steps. In the plasmid RP4, two 
distinct regions designated Tra1 and Tra2 encode essential transfer functions (Lessl et al., 
1992a, 1992b). Genes of trbB, trbC, trbE, trbG and trbL located in theTra2 region are 
responsible for encoding the essential components for Mpf system (Lessl et al., 1993). 
The gene product of trbC, has been identified as the precursor of pilin, which is 
consequently processed to form pilus (Eisenbrandt et al., 1999; Sherburne et al., 2000). 
Walmsley (1976) reported that mating pair formation is a limiting step during 
conjugation under normal physiological conditions. The gene expression results show 
that trbC gene was up-regulated in samples that were treated with CFS containing AI-2 
activity, as well as those samples that were treated with CFS containing AI-2 activity and 
exposed to sub-therapeutic concentrations of tetracycline. Considering that pilus 
formation is a limiting step in conjugation, it is not surprising that AI-2-based quorum 
sensing up-regulates trbC gene expression. The results of the gene expression are in 
agreement with the transconjugation frequency data which shows a 10-fold increase in 
donor cells exposed to CFS containing AI-2 activity compared to the negative controls. 
Previous studies in our laboratory have shown that sub-therapeutic tetracycline exposure 
stimulated AI-2 increasing in E. coli, and AI-2 molecules, in turn, induce tetracycline 
tolerance in E. coli. These results which demonstrate the involvement of AI-2 molecules 
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at the molecular level support the results obtained by Whittle et al. (2002b) who reported 
that tetracycline at sub-therapeutic levels resulted in an increase in transfer protein 
expression and a concomitant increase in the transfer frequency. Also, recently, an in vivo 
study suggested that the number of transconjugants was significantly higher for animals 
fed with tetracycline at sub-therapeutic levels than for those not fed with tetracycline 
(Bahl, et al., 2004). Showsh and Andrews (1992) have also reported that transfer rate 
mediated by conjugative Tn916 increases in the presence of tetracycline as well. 
Although there are inherent differences between plasmid and transposon-mediated 
conjugation events, one commonality between these two processes is mating-pair 
formation (Salyers and Shoemaker, 1992; Speer et al., 1992; Stevens et al., 1992). It has 
also been reported that transposase expression is up-regulated by AI-2-based quorum 
sensing (Sperandio et al., 2001; DeLisa et al., 2001c). These previous studies in 
conjunction with our present results demonstrate that AI-2 activity is involved in 
enhancing the expression of genes that are specific to gene transfer events. These results 
provide an intriguing picture in terms of the role of bacterial quorum sensing, sub-
therapeutic tetracycline exposure and the transfer of tetracycline resistant genes.     
In the current study, AI-2-based quorum sensing did not appear to significantly 
enhance the expression of the traI. We speculate that the less-than enhanced expression 
of traI may be a cost-effective strategy that bacteria have developed. We had evaluated 
the expression of the 2 genes in cells that were exposed to CFS for 30 minutes. It is 
possible that the relaxase-encoding traI gene expression occurs before trbC gene 
expression is initiated.  Relaxase binds to oriT of plasmid DNA to form the relaxosome, 
nicking DNA so it is ready to transfer when a signal indicating formation of a stable 
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mating complex is received.  This signal could arise from the binding of sex pilus 
between the donor and recipient cell, and could be part of an Mpf component that resides 
at the outer-membrane side of the mating apparatus structure (Haase et al., 1995; Street et 
al., 2003).  It is possible that in the samples that were studied by real-time PCR analysis, 
the traI expression may have already declined to near background levels by the time the 
trbC gene expression had initiated. Thus, our experimental conditions of 30-minute 
contact time between donor and recipients cells may have been too long to detect 
significant increases in traI gene expression. This hypothesis has, however, not been 
verified.   
Overall, these results suggest that AI-2-based quorum sensing can affect at least one 
gene transcription of trbC and ultimately enhances conjugation transfer frequency of 
plasmid RP4 carrying tet(A) among E. coli strains.     
 
  
 
96
CHAPTER VI 
AUTOINDUCER 2 (AI-2)-LIKE ACTIVITY ASSOCIATED WITH 
FOODS AND ITS INTERACTION WITH ORGANIC ACIDS USED 
AS FOOD ADDITIVES* 
 
OVERVIEW 
The autoinducer 2 (AI-2) molecule produced by bacteria as part of their quorum 
sensing is considered to be a universal inducer signal in bacteria since it reportedly 
influences gene expression in a variety of both Gram-negative and Gram-positive 
bacteria.  The objective of this study was to determine whether selected fresh produce 
and foods have AI-2-like activity and whether specific food additives can act as AI-2 
mimics and result in an AI-2-like activity. The luminescence-based response of the 
reporter strain Vibrio harveyi BB170 was used as the basis of determining AI-2 activity 
in the selected foods and food ingredients. Maximum AI-2 activity was seen on the 
frozen fish sample (203-fold as compared to the negative control) followed by tomato, 
cantaloupe, carrots, tofu and milk samples. Interestingly, some samples were capable of 
inhibiting AI-2 activity. Turkey patties showed the highest inhibition (99.8% compared to 
the positive control) followed by chicken breast (97.5%), homemade cheeses (93.7%), 
beef steak (90.6%) and beef patties (84.4%). AI-2 activity was almost totally inhibited by 
sodium propionate while sodium benzoate caused a 93.3% inhibition as compared to 75% 
 
*Reprinted with permission from “Autoinducer-2-like activity associated with foods and its 
interaction with food additives” by Lingeng Lu, Michael E. Hume and Suresh D. Pillai, 2004, Journal of 
Food Protection, 67(7), 1457-1462. Copyright© 2004 by International Association for Food Protection.  
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inhibition by sodium acetate. Sodium nitrate did not have any appreciable effect even at 
200 ppm.  Understanding the relationships that exist between the AI-2 activity on foods 
and the ecology of pathogens and food-spoilage bacteria on foods may yield clues about 
factors controlling food spoilage and pathogen virulence.  
 
INTRODUCTION 
Bacterial cells within microbial communities are thought to coordinately regulate 
the expression of their genes by producing and responding to specific molecules termed 
autoinducers, a process which has been termed as quorum sensing (Bassler et al., 1997; 
Sperandio et al., 2003). The quorum sensing signaling pathway has been well described 
in the bioluminescent bacterium Vibrio harveyii (Bassler et al., 1994; Miller et al., 2002; 
Mok et al., 2003). In V. harveyi, two autoinducer molecules, AI-1, an acylated 
homoserine lactone signal and AI-2, a furanosyl borate diester molecule, are thought to 
be involved (Miller et al., 2002; Surette et al., 1999; Winzer et al., 2002a). When the 
concentrations of AI-1 and AI-2 reach a particular threshold within the cells, they bind 
their respective sensor proteins, LuxN and LuxPQ, resulting in a cascade of enzyme 
phosphorylation which ultimately results in specific gene expression (Bassler, 1999). The 
AI-2 signal molecule is considered to be a universal inducer signal in bacteria since it has 
been reported to influence gene expression in a variety of both Gram-negative and Gram-
positive bacteria. AI-2 synthesis requires the LuxS protein, which is a highly conserved 
protein sequence within bacterial genera (Cloak et al., 2002; Surette et al., 1999). Studies 
have shown that bioluminescence in the aquatic bacterium Vibrio harveyi, virulence 
expression in Pseudomonas aeruginosa, toxigenic Escherichia coli, Salmonella 
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Typhimurium, plasmid transfer in Agrobacterium tumefaciens, biofilm formation, 
sporulation and antibiotic production in Erwinia carotovora are all influenced by 
autoinducer molecules (Bainton et al., 1992; Bassler et al., 1997; Davies et al., 1998; Luo 
and Farrand, 2001; Oger and Farrand, 2002; Qin et al., 2000; Sperandio et al., 2001).  
The current thinking is that quorum sensing allows bacterial cells to survive as a group by 
coordinating their behavior in response to environmental stress stimuli and host 
interactions.     
Studies with enteric bacteria have shown that bacterial byproducts such as the short-
chain fatty acids, e.g. acetate and propionate, can also regulate gene expression.   
Exposure of S. Typhimurium to acetate leads to an increase in invasion gene expression, 
while propionate exposure results in a decrease of invasion gene expression at neutral pH 
conditions as well as induction of acid resistance (Arnold et al., 2001; Kwon and Ricke, 
1998; Lawhon et al., 2002; Van Immerseel et al., 2003). Even though AI-2 activity in E. 
coli K12 was found to decrease after exposure to 0.6% sodium acetate, another study has 
found that the synthesis of the protein responsible for AI-2, the LuxS protein, was 
actually induced by exposure of the cells to 50 mM acetic acid (DeLisa et al., 2001b; 
Kirkpatrick et al., 2001).  The realization that signal molecules such as AI-1 and AI-2 and 
other bacterial byproducts such as acetate and propionate influence gene expression 
raises the bigger question whether foods contain such signal molecules or mimic 
molecules and what roles these molecules have in modulating gene expression in 
pathogenic or spoilage bacteria. For example, it has been reported that the infective dose 
of S. Typhimurium is significantly reduced when the cells are ingested with a food source 
(cheddar cheese)  (D’Aoust, 1985). Another study has shown that S. Typhimurium 
  
 
99
survival markedly increases under acidic conditions (pH 3.0) when the cells are 
inoculated onto fresh-cut vegetables and fruits such as tomato, apple and cucumber 
(Gawande and Bhagwat, 2002).  Recent studies have also theorized that AI-1 molecules 
were present in spoiled beef that had been stored in a refrigerator (Jay et al., 2003).  Some 
plants such as pea seedlings, tomatoes and rice have also been found to secrete AI-1 
molecules (Teplitski et al., 2000).  
The underlying hypothesis is that the presence of varying levels of the autoinducer 
molecules (AI-2) on foods could possibly explain why certain foods have characteristic 
shelf-lives and why certain enteric pathogens can become virulent when exposed to 
certain types of foods. The objective of this study was to determine whether fresh 
produce and processed foods have AI-2 activity and whether specific food additives can 
act as AI-2 mimics and cause the typical AI-2-like activity in the V. harveyi reporter 
strain. The reporter strain V. harveyi strain BB170 response was used as the basis of 
determining AI-2 activity in the selected foods and food ingredients in this study.  
 
MATERIALS AND METHODS 
Bacterial strains and assay medium. The reporter strain V. harveyi BB170 (luxN::Tn5 
sensor 1- sensor 2+) that only senses AI-2 molecule, and AI-2-producing V. harveyi 
BB120 (AI-1+ AI-2+) and BB152 (luxL::Tn5 AI-1- AI-2+) were used for the AI-2 
bioassays in this study (Surette and Bassler, 1998; Surette et al., 1999). These strains 
were kindly provided by Dr. Bassler (Princeton University, Princeton, NJ). The AB 
(autoinducer bioassay) medium was prepared as following. A solution consisting of NaCl 
(17.5 g/L, Sigma Chemical Co., St. Louis, MO), MgSO4 (12.3 g/L, Fisher Chemicals, 
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Fisher Scientific, Fair Lawn, NJ), Casamino acids (2 g/L, Fisher Chemicals) was adjusted 
to pH 7.5, and sterilized by autoclaving (15 min, 121ºC, 15 psi) . When the solution had 
cooled down, autoclave-sterilized 1 M potassium phosphate (pH 7.0, 10 ml/L, Sigma 
Chemical Co.), 50% glycerol (20 ml/L, EM science, Gibbstown, NJ) and filter-sterilized 
0.1 M L-arginine (10 ml/L, Sigma Chemical Co.) were added. Freshly prepared cell-free 
supernatants (CFS) from natural E. coli isolates that have been previously shown to 
produce AI-2 molecules in our laboratory were used as exogenous AI-2 in inhibition 
assays. 
Food samples and food ingredients.  Retail samples of salad tomatoes, raw whole 
carrots, cantaloupes, calcium fortified orange juice, beef steak, beef patties, chicken 
breast, turkey patties, frozen fish (red drum), tofu, soymilk, organic whole milk (ultra-
pasteurized, grade A), regular whole milk, and fresh cheese (Mozzarella and Goat milk) 
were purchased from local supermarkets. Food additives such as sodium acetate, sodium 
nitrate, sodium propionate, sodium benzoate were obtained from Sigma Chemical 
Company (St. Louis, MO). The food additives were tested for AI-2 activity at the levels 
recommended by the FDA for their use in foods (21 CFR Ch. I; the Code of Federal 
Regulation Chapter 1, 2001). These levels were: sodium acetate (0.007%, 0.05%, 0.2%, 
0.5%, 1%), sodium nitrate (125 ppm, 250 ppm, and 500 ppm), sodium propionate 
(0.08%, 0.16%, and 0.32%), sodium benzoate (0.025%, 0.05%, and 0.1%). 
Processing of food samples for AI-2 activity evaluation. The surfaces of the different 
vegetables were swabbed with an AB medium-wetted cotton swab (VWR International, 
West Chester, PA) and the swab resuspended in tubes containing 3 mL of AB medium.  
Fifty grams of the chicken breast and beef steak samples were placed in sterile Whirl-
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Pak® bags (VWR International) to which 10 mL of cold (4°C) AB medium was added (to 
avoid too much dilution for AI-2). Fifty grams of the beef patties, turkey patties, and 
cheese sample were also placed in Whirl-Pak® bags, to which 20 mL cold AB medium 
was added. The samples were gently shaken by hand for 1 min and 1mL of the sample 
suspensions was placed in sterile 1.5mL micro-centrifuge tubes. One milliliter of organic 
milk, regular whole milk, soymilk, and tofu and fish samples (from excess liquid in the 
packages of tofu and fish) were directly placed into sterile 1.5 mL micro-centrifuge tubes. 
The samples were centrifuged for 5 min (8000 × rpm at 4°C), and subsequently filtered 
through 0.2-µm-pore-size syringe filter (Corning, New York, NY) to obtain cell-free 
supernatants (CFS). The CFS samples were stored at –20°C until the AI-2 activity 
bioassays were performed. Portions of the suspension of selected food samples (beef 
steak, beef patties, chicken breast, turkey patties, milk and goat milk fresh cheese) (prior 
to centrifugation and filtration) were plated on R2A agar (Becton Dickinson, 
Cockeysville, MD) for bacterial estimations. 
AI-2 activity bioassay.  The bioluminescence response of the reporter strain V. harveyii 
strain BB170 was used as the basis of determining AI-2 activity in the foods and food 
ingredients in this study. V. harveyi BB170 is an engineered strain that can only respond 
to AI-2 molecules. The luxCDABE-encoded bioluminescence is initiated when the AI-2 
signal is present to produce bioluminescence i.e., when the AI-2 molecules present in the 
test sample are bound to the receptor for AI-2 (sensor 2). The assay was performed as 
described by Surette and Bassler (1998). An overnight culture of V. harveyi BB170 was 
diluted (1:5,000) with fresh AB media.  Ninety microliters of this cell suspension were 
mixed with 10 µL of the sample extract obtained above in a 96-well micro-isoplate 
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(Perkin Elmer Life Science Inc., Boston, MA). The cell-free supernatant (10 µL) of V. 
harveyi BB120 and BB152 strains were used as positive controls, and 10 µL of AB 
media was used as the negative control.  To identify whether the food additives or food 
samples were inhibiting the induction of luminescence in the reporter strain V. harveyi 
BB170, an equal volume (50 µL) of these samples and the CFS from the known AI-2 
producer (E. coli natural isolate) were mixed together and the AI-2 activity assayed. The 
food additive concentrations of sodium acetate, sodium benzoate, sodium propionate and 
sodium nitrate for these tests were 0.1%, 0.1%, 0.16% and 200 ppm, respectively. 
     The micro-isoplates were shake-incubated (100 rpm) at 30°C in a Lab-Line Orbital 
Shaker Incubator (Melrose Park, IL).  Luminescence was measured every 30 min using a 
Perkin Elmer Wallac Victor 2 luminometer. AI-2 activity was expressed as relative AI-2 
activity, which was calculated as the ratio of luminescence of the test sample to the 
control (negative) sample.    
V. harveyi reporter strain BB170 susceptibility to food additives. Overnight AB 
medium cultures of V. harveyi BB170 were diluted (1:5,000) with fresh AB medium. The 
subculture of V. harveyi BB170 and each food additive sample was added to an 
individual sterilized tube according to the ratio of 9:1 (vol: vol, V. harveyi BB170: food 
additive solution sample) as AI-2 bioassay, and then incubated at 30°C for the same 
incubation time as the AI-2 bioassay. A serial dilution was made for enumerating viable 
cells of V. harveyi BB170 on Mueller-Hinton agar (Acumedia, Baltimore, MD). 
Data and statistical analysis. All experiments were run in triplicates.  AI-2 activity was 
expressed as relative AI-2 activity, which was calculated as the ratio of bioluminescence 
of the test sample to the negative control sample.  The “inhibition of AI-2-like activity” 
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was calculated based on the relative AI-2 activity of the positive control. The positive 
control was chosen as 100%. Mathematically, the “inhibition of AI-2-like activity” was 
calculated on the following formula:
controlpositivetheofactivityrelative
sampletesttheofactivityAIrelative
     
     2 100 −− .  The 
data were analyzed using General Linear Model (GLM) of SAS software (version 8.0, 
SAS Institute Inc., Cary, NC). A p value of 0.05 was used as a critical value for statistical 
significance.   
 
RESULTS 
AI-2 activity on produce and food samples. The response (AI-2 expressed in relation to 
that of the negative control) of the reporter strain V. harveyi BB170 to the produce 
washes and rinses of processed food samples is shown on Table 6.1. Maximum AI-2 
activity was seen on the frozen fish sample (203-fold as compared to the negative 
control) followed by tomato, cantaloupe, carrots, tofu and milk. Very low levels of AI-2 
activity (less than 1 fold) were observed in the beef steak, beef patties, chicken breast, 
turkey patties, cheese, and soymilk samples. Bacterial populations in the beef steak, beef 
patties, chicken breast and turkey patty rinses ranged between 6.4 and 7.9 (log10 
CFU/mL) on R2A agar (Table 6.1). However, the cheese rinses, organic and regular milk 
samples had less than 2 log10 CFU/mL of bacteria on R2A plates. In order to rule out the 
possibility that some component of the produce or food wash was inhibitory to the 
reporter strain’s activity, the CFS from a known AI-2 producer (E. coli natural isolate) 
was mixed (1:1) with these low AI-2 activity samples and tested using the AI-2 bioassay 
(Table 6.2). It was evident that some of the rinse samples did indeed inhibit the ability of 
the reporter strain V. harveyi BB170 to elicit AI-2 activity. The turkey patties showed the 
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highest level of inhibition (99.8%) followed by chicken breast (97.5%), homemade 
cheeses (93.7%), beef steak (90.6%) and beef patties (84.4%) when compared to the 
positive control. When the pH of the mixture of the food sample rinses and diluted V. 
harveyi BB170 culture was measured, they were found to range from 6.4 to 6.7. The pH 
of the AB medium was 6.7 thereby, ruling out pH as a possible factor in the inhibition 
(data not included). 
 
Table 6.1. AI-2 activity and indigenous bacterial populations in produce rinses and food 
extracts  
Produce/Food Relative AI-2 activity* Log 10 (CFU/mL) 
Tomato 121.13±22.98a ND** 
Carrot 56.21±5.41b ND 
Cantaloupe 58.38±39.86b ND 
Beef steak 0.54±0.04 7.4±0.32 
Beef patties 0.54±0.07 6.4±0.24 
Chicken breast 0.53±0.10 8.0±0.30 
Turkey patties 0.56±0.13 7.0±0.24 
Cheese (goat milk) 0.55±0.03 <2 
Cheese (Mozzarella) 0.54±0.07 ND 
Fish    203.75±23.10c ND 
Organic milk 4.09±0.25d <2 
Whole milk 7.37±1.10e <2 
Soymilk 1.94±0.42f ND 
Tofu 29.43±3.80g ND 
   * Relative AI-2 activity (fold increase) calculated as the ratio of luminescence of the test sample to the 
control (negative) sample. Relative AI-2 activity represented as mean ± standard deviation (n=3). Values 
with the same letter are not significantly statistically different (P>0.05). 
    ** ND, not determined. 
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Table 6.2. Inhibition of AI-2 activity by food extracts  
Mixture (1:1) Relative AI-2 activity 
(fold)* 
% inhibition** 
CFS + AB medium 
 (positive control) 
519.03±28.87a  
CFS + Beef steak 48.93±14.74d 90.6 
CFS + Beef patties 81.18±9.15c 84.4 
CFS + Chicken breast 12.99±1.43e f 97.5 
CFS + Turkey patties 1.24±0.12g 99.8 
CFS + Cheese (goat milk) 180.31±11.69b 65.3 
CFS + Cheese (Mozzarella) 32.72±7.61d e 93.7 
*Relative AI-2 activity is shown as mean ± standard deviation (n=3). Values with the same letter are not 
significantly statistically different (P>0.05). 
**Inhibition (%) calculated based on the positive control values.  
 
 
 
AI-2-like activity of food additives. Commonly used food additives such as sodium 
acetate, sodium benzoate, sodium propionate and sodium nitrate were tested at FDA 
recommended concentrations to determine if they could mimic AI-2 activity with the V. 
harveyi reporter strain BB170 (Table 6.3).  None of the food additives had AI-2 activity 
greater than a 1-fold increase in AI-2 activity as compared to the negative control. To 
determine whether the absence of AI-2 activity was a result of the food additive 
inhibiting the induction of luminescence in the reporter strain, an equal volume of the 4 
food additives was mixed with the CFS of a known AI-2 producer (E. coli natural isolate) 
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and the resultant AI-2 activity was measured (Table 6.4). The 50:50 (vol:vol) ratio was 
chosen so that the final concentrations of sodium acetate, sodium benzoate, sodium 
propionate and sodium nitrate in these reaction mixtures were 0.1%, 0.1%, 0.16%, and 
200 ppm, respectively, and within the FDA recommended levels. There was almost total 
inhibition of AI-2 activity by sodium propionate. AI-2 activity was inhibited (93.3%) by 
sodium benzoate and up to 75% by sodium acetate. Surprisingly, sodium nitrate did not 
have any appreciable effect even at 200 ppm. The final pH of these reaction mixtures was 
around 6.6 as compared to 6.5 for the AB medium and 6.45 for the CFS of the AI-2 
producer (data not included). To confirm that the reduced AI-2 activity was not the result 
of growth inhibition of the reporter strain (V. harveyi BB170), the influence of food 
additives on the multiplication of the reporter strain was also studied (Table 6.5). The 
food additives were tested at 0.1% or 0.16% since it was at these concentrations that AI-2 
activity inhibition was observed. A mixture (1:9) of the food additive in combination with 
the diluted reporter strain V. harveyi BB170 in AB medium was incubated at 30°C 
mentioned previously. At the end of the incubation period, portions of the samples were 
plated on Mueller-Hinton Agar (Table 6.5). There were no significant differences 
between the positive control and the various treatments suggesting that inhibition of 
reporter strain growth was not the basis of AI-2 activity inhibition by the food additives.  
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Table 6.3.  AI-2 activity of selected food additives  
Food additive concentration (%)a Relative AI-2 activity (fold)b 
Sodium Acetate  
1.0   0.57±0.05 
0.5 0.63±0.19 
0.2 0.68±0.09 
0.05 0.73±0.06 
0.007 0.74±0.05 
Benzoic acid (sodium salt)  
0.1 0.60±0.11 
0.05 0.60±0.19 
0.025 0.61±0.15 
Propionic acid (sodium salt)  
0.32 0.60±0.10 
0.16 0.63±0.04 
0.08 0.53±0.05 
Sodium nitrate  
500 0.71±0.03 
250 0.73±0.08 
125 0.59±0.02 
aFDA recommended concentrations used in food (21 CFR Ch.1). 
bRelative AI-2 activity represented as mean ± standard deviation (n=3) as compared to negative control. 
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Table 6.4.  Inhibition of AI-2 activity by selected food additives  
Mixture (1:1) Relative AI-2 activity* 
(fold ) 
% inhibition** 
(%) 
CFS + AB medium (positive control) 93.87±26.70a - 
CFS + 0.1% Sodium acetate                     23.54±8.17b 74.9 
CFS + 0.1% Sodium benzoate                6.33±0.76c 93.3 
CFS + 0.16% Sodium propionate             0.34±0.07d 99.6 
CFS + 200 ppm Sodium nitrate 81.14± 21.87a - 
*Relative AI-2 activity represented as mean ± standard deviation (n=3).Values with the same letter are not 
significantly statistically different (P>0.05). 
**Inhibition (%) calculated based on the positive control values. 
 
 
 
Table 6.5. Effect of food additives on the growth of the reporter strain V. harveyi BB170   
 
Treatment Log10 (CFU/mL)* 
AB medium                                                   4.3±0.24a 
0.1% Sodium acetate                                     4.5±0.12a 
0.1% Sodium Benzoate 4.7±0.33a 
0.16% Sodium propionate 4.9±0.09a 
*Cell populations represented in log10 (CFU/mL) as mean ± standard deviation (n=3). Values with the same 
letter are not significantly statistically different (P>0.05). 
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DISCUSSION 
There were significant differences in the AI-2 activity of the produce rinses with 
tomato having the highest relative activity (Table 6.1). Previous studies have shown that 
another autoinducer molecule (AI-1) mimic can be found in the extracts of some plants 
such as pea, tomato and rice (Teplitski et al., 2000). It is probable that the AI-2 activity 
observed on the surfaces of the produce in this study either originated from the 
indigenous bacteria on the surfaces of these vegetables and/or were secreted by the plants 
in response to environmental or biotic stimuli. It will not be surprising if the AI-2 activity 
originated from the bacterial cells, because bacteria are known producers of AI-2 
molecules and vegetable produce are exposed to soil or airborne organisms at various 
stages of cultivation, harvest and processing (Beuchat and Ryu, 1997; Endley et al., 
2003a, 2003b). Recent studies have shown that some fruits such as tomatoes, strawberries 
and pineapples produce 2, 5-dimethyl-4-hydroxy-3(2H)-furanone (DMHF), which have 
AI-2 activity when assayed using the reporter strain V. harveyi BB170 (Schauder et al., 
2001; Winzer et al., 2002b). It will be extremely critical to understand whether the AI-2 
present on the surfaces of fruits and vegetables enable the bacterial cells to survive 
environmental stimuli, enhance bacterial virulence, promote bacterial attachment to 
surfaces or promote their internalization into fruits and vegetables (Guo et al., 2001, 
2002; Itoh et al., 1998). The possibility that fruit and vegetable rinses can influence the 
virulence properties of enteric bacteria was highlighted by another study which showed 
that produce extracts could influence S. Typhimurium growth responses (Nutt et al., 
2003). Frozen seafood had the highest AI-2 activity while beef, chicken, turkey, and 
cheese significantly inhibited AI-2 activity. There does not appear to be any correlation 
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between the presence or absence of AI-2 activity and indigenous bacterial numbers in 
selected food samples. For example, beef, chicken and turkey samples harbored bacterial 
populations ranging between 6.4 to 7.9 log10 CFU/mL, without exhibiting significant AI-
2 activity. However, although the bacterial populations in regular milk and organic milk 
are less than 2 log10 CFU/mL, AI-2 activity of the milk samples were 4.09 and 7.37 folds, 
respectively. The elevated levels of AI-2 activity in fish could be due to the possible 
presence of Bacillus spp., and Vibrio spp on fish which are known AI-2 producers (Jay, 
2000a; Miller et al., 2002; Surette et al., 1999). However, it is not clear why AI-2 activity 
was observed in tofu (relative AI-2 activity 29.43-fold) but not in soymilk (1.94-fold) 
even though they are both made from soybeans. It is also noteworthy that though regular 
milk and organic milk had relatively low levels of AI-2, pasteurization and ultra-
pasteurization did not completely inactivate AI-2 activity. Previous studies have shown 
that AI-2 can withstand heating at 80°C but not 100ºC (Surette and Bassler, 1998). 
The lack of AI-2 activity on meat products such as beef, chicken and turkey is 
surprising given their indigenous bacterial population loads. This is not likely the result 
of dilution, since we washed 50 g of beef steak and chicken breast with 10 mL of AB 
medium, and 50 g of each sample of beef patties, turkey patties, goat milk cheese and 
Mozzarella cheese with 20 mL of AB medium, respectively. However, it is significant 
that certain foods have the ability to partially or completely inhibit AI-2 activity (Tables 
6.1 and 6.2).  There were differences in AI-2 activity inhibition observed between 
Mozzarella and goat-milk cheese (Table 6.2). We are currently attempting to identify the 
component(s) that may be inhibiting AI-2 activity in these products.   
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The inhibitory effects of certain food additives such as sodium propionate and 
sodium benzoate are noteworthy. Food additives are used in the food industry at FDA 
recommended concentrations to prevent, or delay the spoilage of foods thereby 
prolonging the shelf life and preserving the quality. Antimicrobial compounds also 
inactivate, or inhibit the growth of food-borne pathogenic bacteria such as E. coli 
O157:H7, S. Typhimurium and L. monocytogenes (Rhee et al., 2003). The mode of action 
of these compounds is thought to be pH-dependent. Antimicrobial compounds at low pH 
conditions are in the un-dissociated form, thereby can enter the microbial cells where 
compounds then become dissociated, resulting in the decrease of pH and microbial 
inactivation (Jay, 2000b). Studies now show that acid adaptation response and acid 
resistance can overcome the inactivation caused by organic acids (Berry and Cutter, 
2000; Davidson and Harrison, 2002; Leyer et al., 1995). Exposure to short-chain fatty 
acids, for example, acetate and propionate, at neutral or nearly neutral pH has been 
shown to increase acid resistance of E. coli K12 and E. coli O157:H7 (Arnold et al., 
2001). It is tempting to speculate that the inhibitory effects (on AI-2) of specific food 
additives such as propionate and benzoate may have a role in the development of acid 
resistance or adaptation on the following lines of reasoning. Since AI-2 is a universal 
auto-inducer molecule that regulates a variety of enzyme activities, it is possible that if a 
particular food additive inhibits AI-2 activity, the microbial cells in that 
microenvironment may become non-responsive to external stimuli such as antimicrobials. 
There is published information to support our hypothesis. Regulatory factors such as σS, 
an alternate promoter-recognition subunit of RNA polymerase, that are known to be 
influenced by quorum sensing signals such as AI-2, are involved in bacterial responses to 
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food additive stresses (Arnold et al., 2001; Lazazzera, 2000; Rees et al., 1995). In this 
study neither acetate, benzoate, propionate nor nitrate mimicked AI-2 activity. Rather, 
acetate, benzoate, and propionate at 0.1%, 0.1% and 0.16%, respectively, had 
significantly inhibitory effects on the ability of the reporter strain to sense pre-formed AI-
2 molecules in the test mixture (Table 6.4). This inhibition was obviously not a function 
of the pH of the reaction mixture or the inhibitory effects of the additives on the 
multiplication of the reporter strain (Table 6.5). We hypothesize that acetate, benzoate 
and sodium propionate may be actually inhibiting the ability of bacterial cells to quorum 
sense (i.e., not sensing the presence of AI-2 molecule). This prevents the cells from 
responding to such acid stimulus and exhibiting what we would consider as “acid 
tolerance”. Quite interestingly, enteric pathogens such as E. coli, Shigella and Salmonella 
produce only low levels of acetate and are virtually unable to produce propionate 
(Krishnan et al., 1998). Pretreatment of Shigella flexneri 2a with the mixture of acetate 
and propionate has been shown to significantly reduce fecal blood and mucus and 
improves clinical symptoms of shigellosis in rabbits (Rabbani et al., 1999). Further 
defined experiments are needed to completely elucidate the mechanism of acetate, 
benzoate and propionate repression of the response of V. harveyi BB170 to AI-2-like 
molecules, and the relationship between the repression of the response to AI-2-like 
molecules and repression and modulation of genes critical in survival, virulence and 
pathogenicity.  
In conclusion, this study has shown that certain vegetable produce, foods and food 
ingredients have elevated levels or reduced levels of AI-2 activity or, in some case can 
inhibit AI-2 activity.  Understanding the relationships that exist between the AI-2 activity 
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on foods and the activity of food spoilage bacteria or pathogens on these foods can have a 
tremendous impact on our ability to identify and formulate foods that are 
microbiologically safe and with extended shelf-lives.  
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CHAPTER VII 
A NON-INDOLE-BASED AIRBORNE QUORUM SENSING 
MOLECULE CAN CONFER TETRACYCLINE TOLERANCE IN 
PHYSICALLY SEPARATED ESCHERICHIA COLI AND 
SALMONELLA NEWPORT STRAINS 
 
OVERVIEW 
Bacterial cells use quorum-sensing systems for communication and regulation of 
gene expression in response to environmental stimuli via autoinducer (AI)-1- and AI-2-
based quorum sensing molecules in liquid cultures. Here we provide preliminary 
evidence for a novel, yet-to-be characterized, airborne molecule that appears to mediate 
signaling between Salmonella Newport and E. coli to develop tolerance to sub-
therapeutic tetracycline when using bi-partite Petri plates.  Induction of tolerance to 
tetracycline was observed in Tets E. coli and Tets S. Newport when either E. coli, or S. 
Newport, or E. coli MDAI2 (luxS::Tcr) was used as the signaling population. However, 
no tolerance induction was observed in Tets E. coli or Tets S. Newport when cell-free 
supernatants (CFS) were used as the signaling molecule. These results suggests that a 
non-indole, non-AI-1 and non-AI-2 based quorum sensing system exists for 
communication between E. coli and S. Newport through an airborne molecule.  
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INTRODUCTION 
 
Bacterial cells utilize inter- and intra-species communication signals termed 
autoinducers to coordinately regulate microbial gene expression. These communication 
signals which are thought to be part of larger microbial quorum sensing mechanisms 
include oligo-peptides, acylated homoserine lactones and furanosyl borate diester 
molecules (Bassler, 2002; Chen et al., 2002; Sperandio et al., 2001; Surette and Bassler, 
1998).  The quorum sensing signaling pathway has been well described in the 
bioluminescent bacterium Vibrio harveyi (Freeman and Bassler, 1999; Mok et al., 2003). 
In V. harveyi, two autoinducer (AI) molecules, AI-1, an acylated homoserine lactone 
signal and AI-2, a furanosyl borate diester molecule, are thought to be involved (Chen et 
al., 2002; Mok et al., 2003). The AI-1 signal molecules have been shown to control a 
myriad of physiological processes such as bioluminescence, virulence expression, Ti 
plasmid conjugation, and antibiotic production (Bassler et al., 1997; Byers et al., 2002; 
Dong et al., 2001; Hentzer et al., 2003; Oger and Farrand, 2002).  However, E. coli and 
Salmonella produce AI-2 molecules but not AI-1 (Surette and Bassler, 1998). The AI-2 
signal molecule is considered to be a universal inducer signal in bacteria since it has been 
reported to widespread and influence gene expression in a variety of both Gram-negative 
and Gram-positive bacteria (Xavier and Bassler, 2003).  At least 404 genes in E. coli 
O157:H7 are known to be regulated by AI-2 and 242 genes exhibited significant 
transcription changes in response to AI-2 signals in a laboratory strain (DeLisa et al., 
2001c; Sperandio et al., 2001). More recent studies have shown that classes of bacterial 
signaling molecules of AI-2 can be widespread among both Gram-negative and Gram-
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positive bacteria (Cloak et al., 2002; Day and Maurelli, 2001; Jones and Blaser, 2003; 
Ohtani et al., 2002; Surette et al., 1999).   
 Bacterial cells are thought to employ AI-2 as a universal signaling molecule to 
respond to environmental stimuli.  Indole has also been identified as a quorum sensing 
molecule in E. coli (Wang et al., 2001). It has been reported that indole controls the 
expression of gabT, astD and tnaB genes that function in the uptake, synthesis and 
degradation of amino acids. Recently, indole has also been implicated as an airborne 
molecule that conferred ampicillin resistance between physically separated E. coli 
populations (Heal and Parsons, 2002). Studies in our laboratories have shown that AI-2 
molecules can also influence the development of tetracycline tolerance among susceptible 
E. coli when exposed to sub-therapeutic tetracycline concentrations and that AI-2 like 
activity can be found on the surfaces of a number of fresh produce and processed foods 
(Lu et al., 2004). The underlying hypothesis of this study is that quorum sensing 
pathways can operate even between physically separated bacterial populations. To test 
the hypothesis we employed two different bacterial genera (Escherichia coli and 
Salmonella) that were physically separated to investigate whether they would 
coordinately respond to tetracycline stress. The specific objective of this study was to 
identify whether airborne quorum sensing factors were involved in the development of 
tetracycline tolerance in physically separated E. coli and S. Newport strains.  
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MATERIALS AND METHODS 
Bacterial strains and media. A Tetr E. coli Isolate 1 (MIC≥ 128 µg/mL), Tets E. coli 
Isolate 5 (MIC<1 µg/mL) and Tets S. Newport (MIC<1 µg/mL) were previously isolated 
from poultry, irrigation water and carrot samples, respectively. E. coli MDAI2 (luxS::Tcr) 
was obtained from William E. Bentley in University of Maryland. All the cultures were 
stored in 25% of glycerol at -70°C.  The cultures were grown in LB medium as needed 
with the appropriate antibiotics.  Mueller-Hinton agar was used for tetracycline 
susceptibility analysis. Reagent grade tetracycline was purchased from Sigma Chemical 
Co. (St. Louis, MO). 
Cell-free supernatant. Cell-free supernatants (CFS) were prepared as described by 
Surette and Bassler (1998). Briefly, overnight cultures of E. coli Isolate 1 was inoculated 
in to 20 mL of LB broth supplemented with 0.5% glucose, and shake incubated at 37°C 
for 8 h.  The CFS was prepared by centrifugation (8000 × rpm for 5 min at 4°C) followed 
by filtration through 0.2-µm-pore-size syringe filter (Life Science Products, Inc., 
Frederick, CO). The CFS was stored at -20°C until further use. 
Bacterial antibiotic susceptibility.  Bi-partite Falcon I Petri plates (Becton Dickinson 
and Company, Franklin lakes, NJ) as illustrated in Figure 7.1 were used to demonstrate 
the presence of airborne signalling molecules. Cultures designated as “signaling 
populations” were spread plated on to LB agar in Compartment # 1 of the bi-partite plate 
with a sterile cotton swab. The plates were incubated at 37°C for 24 hours to obtain a 
thick growth.  Twenty microliters of a 105 dilution of a log-phase culture of either Tets E. 
coli or Tets S. Newport were plated on to fresh Mueller-Hinton agar containing varying 
levels (0, 1, 2, 4 and 8 µg/mL) of tetracycline that was previously prepared in 
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Compartment # 2 of the bi-partite Petri dishes. The plates were incubated at 37°C for 24 
h and the plates were scored (+/-) for colony formation in Compartment # 2. Colonies 
from Compartment # 2 were re-streaked on tetracycline-amended media to identify 
whether the cells were tetracycline resistant or tolerant.  For purposes of this study, we 
have defined tetracycline tolerance as the ability of the cells to grow in the presence of 
any concentration of tetracycline, but the inability of the cells to express this phenotype 
during subsequent transfers on to media containing tetracycline. In contrast, tetracycline 
resistance was defined as the ability of the cells to exhibit the resistance phenotype even 
after multiple transfers of the cells.  
 
 
 
 
 
 
Fig. 7.1. Experimental set up for the airborne quorum sensing-based induction of 
tetracycline tolerance in E. coli and S. Newport with a Bi-partite Falcon I Petri plate. 
 
 
Plastic divider wallSignaling population Induced population
Compartment # 1 Compartment # 2 
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RESULTS 
Tetracycline tolerance development was observed in the Tets E. coli Isolate 5 that 
was plated in Compartment # 2 when the Tetr E. coli Isolate 1 was employed as the 
“signaling population” in Compartment # 1 (Table 7.1). The Tets E. coli Isolate 5 formed 
visible colonies on plates containing 1 to 4 µg/mL of tetracycline-supplemented agar only 
when Tetr E. coli Isolate 1 was present in Compartment # 1. No colonies formed on plates 
containing 8 µg/mL of tetracycline. No colonies were observed even at 1 µg/mL of 
tetracycline-supplemented agar when grown in the absence of Tetr E. coli Isolate 1.  
When approximately 10% of the colonies that grew on the tetracycline-amended were re-
streaked on tetracycline-amended agar on conventional plates, no colonies developed 
(data not shown). Growth was only observed in the bi-partite plates when the colonies 
were present across the barrier.  
When the cell-free supernatant (CFS) of the Tetr cells was placed in Compartment # 1, 
no colonies of the Tets developed in Compartment # 2 even at tetracycline concentrations 
as low as 1 µg/mL (Table 7.1). To study that AI-2 molecules were not involved in the 
development of tetracycline tolerance, we employed an AI-2 mutant E. coli MDAI2 
(luxS::Tcr) as the “signaling population” in Compartment # 1. The results that whether 
Tets E. coli Isolate 5 formed colonies or not on the tetracycline-supplemented agar in 
Compartment # 2 were the same as when AI-2 producer of Tetr E. coli Isolate 1 was 
employed as the “signaling population” (Table 7.1). We also observed that when the 
signaling population (Tetr E. coli Isolate 1) and the Tets E. coli Isolate 5 were plated on 
Compartments # 1 and # 2 respectively at the same time, no tetracycline tolerant colonies 
developed among the Tets E. coli isolate (data not included).   
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  Table 7.1. Tetracycline tolerant sub-populations in Tets E. coli and Tets S. Newport 
when exposed to airborne quorum sensing molecules  
Tets E. coli Isolate  5b   Tets S. Newportc 
Tetracycline  
concentration  
(µg/mL) 
  Tetracycline 
concentration  
(µg/mL) 
Signaling strain in  
Compartment # 1a 
1 2 4 8   1 2 4 8 
dTetr E. coli Isolate 1  
(AI-2+)               
+g + + -   + + + - 
eE. coli MDAI2 
 (luxS::Tcr)                     
+ + + -   + + + - 
bTets S. Newport   
(indole-)                        
+ + - -   not applicable 
fCell-free supernatant  
(AI-2+)                
- - - -      - - - - 
None    - - - -      - - - - 
      aA confluent lawn of these strains was grown on unamended LB agar overnight at 37ºC as the “signaling  
population”. 
    bTets E. coli Isolate  5 (tetracycline MIC < 1 µg/mL);  c Tets S. Newport (tetracycline MIC < 1 µg/mL).  
   dTetr E. coli Isolate 1 (tetracycline MIC ≥ 128 µg/mL); eE. coli MDAI2 (luxS::Tcr) (AI-2 negative). 
    fCell free supernatant containing AI-2 molecules obtained from E. coli Isolate 1. 
      g+ represents colonies form on the plates. 
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When the Tets S. Newport was plated in Compartment # 2, they were able to 
produce colonies on 1 to 4 µg/mL tetracycline-amended media either when the Tetr E. 
coli Isolate  1, or the E. coli MDAI2 (luxS::Tcr) were used as the “signaling population” 
(Table 7.1).  As expected no colonies formed in the absence of a “signaling population”. 
We employed a non-indole producing enteric organism, S. Newport sensitive to 
tetracycline (MIC < 1 µg/mL) as the “signaling population” to verify that the airborne 
signal molecule observed in these studies was not indole-based.  The Tets E. coli Isolate 5 
was streaked on Compartment # 2. The Tets E. coli Isolate 5 formed tetracycline tolerant 
colonies on 1 µg/mL and 2 µg/mL tetracycline amended media but not on 4 µg/mL of 
tetracycline (Table 7.2).  The number of tolerant colonies on 1 µg/mL and 2 µg/mL 
tetracycline-amended media were approximately 53% and 13% respectively as compared 
to the control plate containing no selective pressure.  Additionally, the colonies that 
developed on the tetracycline-amended Compartment # 2 exhibited morphological 
differences. The colonies that were close to the signaling population (i.e. close to the 
barrier) appeared normal while those further away from the barrier exhibited a pin-point 
morphology (Fig. 7.2). 
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Table 7.2. Tetracycline tolerant sub-populations (CFU) in Tets E. coli Isolate 5 when 
exposed to airborne quorum sensing molecules   
aTets E. coli Isolate 5 (CFU)  
Tetracycline concentration (µg/mL) 
Signaling Sample in Compartment # 1 
0 1 2 4 
bTets S. Newport  251±54 
(100%)c 
 134±23 
(53%) 
32±18 
(13%) 
0  
(0%) 
Distilled water 251±54 
(100%) 
0  
(0%) 
0  
(0%) 
0  
(0%) 
a Tets E. coli Isolate 5 (tetracycline MIC < 1 µg/mL).  
 b Tets S. Newport (tetracycline MIC < 1 µg/mL). 
cValues in parenthesis represents % of colonies as compared to un-amended tetracycline plates. 
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Fig. 7.2.  Morphology of induced colonies on tetracycline-supplemented agar by airborne 
quorum sensing molecules.  
 
 
  
 
 
 
 
 
 
 
Compartmetn #1 
Compartmetn #2 
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DISCUSSION  
The development of Tets E. coli Isolate 5 and Tets S. Newport colonies in physically 
separated Compartment # 2 (of the bi-partite plates) containing 1 to 4 µg/mL tetracycline 
suggests the possibility that an airborne signal from the “signaling population” is 
influencing the development of tetracycline tolerant colonies. The absence of growth 
when exposed to 8 µg/mL tetracycline rules out the possibility that these tetracycline-
tolerant colonies were “carryover” cells from the signaling population. If they were 
“carryover” cells then they would have been resistant to as much as 128 µg/mL of 
tetracycline. Another line of evidence that the colonies that developed in Compartment # 
2 were those that had developed tolerance rather than the carryover from the Tetr 
signaling population was their inability to express the resistance phenotype after 
subsequent transfer to a fresh medium.  
To determine whether AI-2 molecules were involved in the airborne quorum 
sensing system, we used E. coli MDAI2 (luxS::Tcr) (which does not produce AI-2 
because of insertion-causing mutation in the luxS gene) (DeLisa et al., 2001c) as the 
signaling population in Compartment # 1. Tets E. coli Isolate 5 and Tets S. Newport 
formed tetracycline-tolerant colonies on 1-4 µg/mL of tetracycline-supplemented agar 
(Table 7.1) suggesting that LuxS-dependent AI-2 molecule was probably not the 
autoinducer signal that was involved in this phenomenon. Further evidence that AI-2 
molecules were not involved in the tolerance development could be deduced when CFS 
was used as the “signaling molecule” in Compartment # 1. No tetracycline –tolerant 
colonies formed among the Tets E. coli or Tets S. Newport isolates even at concentrations 
as low as 1 µg/mL (Table 7.1). 
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If we rule out the unlikely possibility that there was diffusion of autoinducer 
molecules through the plastic walls of the bi-partite plates, and given the existence of an 
air gap that connects Compartments # 1 and # 2, we can conclude that an airborne signal 
is probably present which induced E. coli and S. Newport to develop tolerance to sub-
therapeutic levels of tetracycline. The presence of an airborne molecule that is possibly 
influencing the development of tetracycline tolerant cells is also supported by the 
inability of the Tets cells to grow on tetracycline-amended media in conventional Petri 
plates (data not included). Heal and Parsons (2002) have previously shown that the 
ampicillin resistance that was influenced by an airborne molecule could be completely 
eliminated by a complete physical separation of Compartments # 1 and # 2 (which is 
analogous to growing the two populations in separate Petri dishes). In their studies 
(which reported the development of resistant mutants unlike our results where only 
tetracycline tolerance was observed), they were able to observe microbial growth only 
when the antibiotic was below the MIC of the susceptible population.  In contrast, in our 
present study we observed colony formation in Compartment # 2 of bipartite plates that 
contained tetracycline at concentrations significantly greater than the MIC of the 
susceptible E. coli or S. Newport population. These differences may be attributable to the 
type of bacterial signals that are probably operating and secondly could be due to the 
strains that were employed in our respective studies. Heal and Parsons (2002) 
hypothesized that indole was the most likely signaling molecule and employed laboratory 
strains. In our studies, which involved wild-type E. coli and S. Newport strains, however, 
we observed airborne signaling even when the non-indole producing strain (S. Newport) 
was employed (Table 7.1).  
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The inability of the cells to form colonies in Compartment # 2 when the signaling 
populations and those in Compartment # 2 were plated at the same time suggested that 
the airborne molecules would have had to develop over the course of the 24-hour 
incubation after which they would have influenced the development of tetracycline 
tolerant colonies in Compartment # 2. Previous studies have also confirmed that the 
signaling population would only be able to “signal” only when they had reached 
stationary phase at which time the expression of σ38, a subunit of RNA polymerase 
reached maximal concentrations (Heal and Parsons, 2002; Jishage et al., 1996). 
In the current study, there is evidence for a non-indole based airborne signaling 
between the two different genera, Escherichia and Salmonella. When Tets (indole-
negative) S. Newport was used as the signaling population in Compartment # 1, it was 
capable of inducing the development of tetracycline-tolerant colonies in Tets E. coli even 
up to 4 µg/mL of tetracycline (Table 7.1). These colonies on tetracycline-supplement 
agar exhibited morphological differences. Interestingly, those colonies close to the 
signaling populations or the plastic divider appeared normal, while those far from the 
divider were pinpoint colonies (Fig. 7.2). Approximately 53% and 13% of the Tets E. coli 
Isolate 5 were recovered as tetracycline-tolerant colonies on 1 and 2 µg/mL of 
tetracycline-supplemented agar, respectively, as compared with negative control (Table 
7.1). Tets S. Newport  formed tetracycline-tolerant colonies on 1-4 µg/mL of tetracycline-
supplemented agar in the presence of either Tetr E. coli Isolate 1 or E. coli MDAI2 
(luxS::Tcr) suggesting that AI-2 signals were not involved in the inter generic signaling . 
No colonies formed even on 1 µg/mL of tetracycline-supplemented agar in the absence of 
signaling populations (Table 7.1) 
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Overall, these results suggests that a yet-to-be identified and characterized non-
indole, non AI-2- based signaling molecule(s) appears to be responsible for inducing E. 
coli tolerance to tetracycline. The ability to induce this tolerance seems to be distance 
dependent (based on the size of the colonies from the divider between the two 
populations).  The ability of antibiotic sensitive populations to develop antibiotic-tolerant 
sub-populations can have ecological ramifications in terms of survival and ultimately 
acquisition of resistance determinants among pathogens and commensal organisms 
during antibiotic stress. The ecological relevance of airborne-based signaling should not 
be underestimated given the proximity in which microbial assemblages exist in natural 
and man-made environments.  The possibility of airborne signaling in the development of 
antibiotic tolerance may be relevant in environments such as hospitals and concentrated 
animal feeding or rearing operations where the issues of antibiotic resistance 
development and dissemination are of concern. We are currently attempting to 
understand the physiological and genetic changes occurring in the antibiotic-sensitive and 
tolerant cells as a result of exposure to these airborne signaling molecules.           
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CHAPTER VIII 
SUMMARY   
Quorum sensing is a cell density-dependent process for regulation of gene 
expression in bacteria. A number of environmental factors have been shown to affect AI-
2-based quorum sensing response in E. coli. The universal signal AI-2 appears to be  
widespread in both Gram-positive and Gram-negative bacteria, and appears to control the 
expression of hundreds of genes in E. coli. Laboratory studies were conducted to 
understand the relationship between exposure of sub-therapeutic concentrations of the 
antibiotic tetracycline and quorum sensing responses in E.  coli.  Limited in vivo studies 
to understand AI-2 activity within the ceca of poultry chicks in response to sub-
therapeutic concentrations of selected antibiotics were also conducted Understanding the 
relationship between sub-therapeutic tetracycline exposure, AI-2-base quorum sensing 
response and the development of tetracycline resistance in E. coli could provide a 
potential approach to reducing the emergence of tetracycline resistance. Additionally, a 
selected number of studies were conducted to determine the levels of autoinducer 2 (AI-
2)-like Activity associated with Foods and its Interaction with Food Additives.  The 
results from these studies are summarized below: 
 
AUTOINDUCER 2-BASED RESPONSE INDUCES TETRACYCLINE 
TOLERANCE IN ESCHERICHIA COLI UNDER SUB-THERAPEUTIC 
EXPOSURE  
All three E. coli isolates (two tetracycline-resistant and 1 tetracycline-sensitive 
isolates) produced AI-2, however, they had different pattern of AI-2 activities in response 
to sub-therapeutic tetracycline exposure. In the presence of tetracycline, the Tets E. coli 
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strain continued to have increasing AI-2 activity even after 20 hours of exposure to the 
antibiotic (2 µg/mL). Results indicate that AI-2 actually enhances the ability of the Tets 
E. coli strain to survive sub-therapeutic tetracycline (10 µg/mL) stress. About 87% of the 
Tets E. coli strain survived 4 hours of exposure to chlortetracycline in LB plus 80% cell-
free supernatant ( AI-2+). After 20 hours of exposure, the 69% survival rate of the Tets 
strain was still significantly higher (P<0.05) than in the control treatments. There was, 
however, no difference between the survival of the Tets strain when exposed to only 20% 
cell-free supernatant (AI-2+). The enhanced AI-2 activity can protect the cells from 
tetracycline stress and lead to the development of tetracycline-tolerant sub-populations.  
 
AUTOINDUCER AI-2 ACTIVITY IN RESPONSE TO SUB-THERAPEUTIC 
ANTIBIOTIC EXPOSURE IN ENTERIC BACTERIA 
When the E. coli cells were in a steady state (under continuous culture conditions) 
at 24 h, AI-2 activity remained stable albeit at only a 20-fold increase over baseline 
conditions. When the E. coli cells under steady state conditions were exposed to 
tetracycline at sub-therapeutic concentrations (2 µg/ml), the results indicate increasing 
AI-2 activity in response to increasing levels of tetracycline. The probiotic CF3 culture, 
however, did not exhibit any AI-2 activity in VL medium in the presence or absence of 
sub-therapeutic levels of tetracycline.  In vivo studies conducted in the cecum of poultry 
chicks demonstrate that though AI-2 activity increased initially in the presence of 
vancomycin, there was no significant increase in AI-2 activity in the presence of 
tetracycline or tylosin. Detectable levels of AI-2 activity are not evident within the 
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chicken cecum based on the response observed in the in vitro studies conducted with the 
probiotic CF3 culture, or in vivo within the chicken cecum.  
 
AI-2-BASED QUORUM SENSING PROMOTES trbC GENE EXPRESSION AND 
CONJUGAL TRANSFER OF tet(A) GENE IN RESPONSE TO SUB-
THERAPEUTIC TETRACYCLINE EXPOSURE IN ESCHERICHIA COLI 
The transfer frequency (based on donor population) was 3.5 ×10-5 - 3.3×10-6 when 
donors exposed to AI-2 singals in comparison to 5.4×10-7 - 5.5×10-7 and 2.0×10-6 -
4.5×10-7 as observed in the negative controls (AI-2 negative samples and LB medium, 
respectively). Gene expression studies performed using real-time PCR analysis indicated 
that the pilin-encoding trbC gene mRNA levels increased 3.2-fold when exposed to AI-2 
molecules, and up to 9.0-fold in cells when exposed to AI-2 molecules plus sub-
therapeutic tetracycline for 30 minutes. The relaxase-encoding traI gene mRNA levels, 
however, were regulated by 0.2-fold (in the presence of AI-2) and 0.6-fold (in the 
presence of AI-2 and sub-therapeutic tetracycline). AI-2-based quorum sensing can thus 
affect the transcription of at least one conjugation-associated gene (trbC) and also 
enhance conjugation transfer frequency of plasmid RP4 carrying tet(A) among E. coli 
strains.   
 
AUTOINDUCER 2 (AI-2)-LIKE ACTIVITY ASSOCIATED WITH FOODS AND 
ITS INTERACTION WITH ORGANIC ACIDS USED AS FOOD  
Maximum AI-2 activity was seen on frozen fish sample (203-fold as compared to 
the negative control) followed by tomato (121 fold), cantaloupe (58-fold), carrots (56-
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fold), tofu (29-fold) and milk samples (7- and 4-fold). Interestingly, some samples were 
capable of inhibiting AI-2 activity. Turkey patties showed the highest inhibition (99.8% 
compared to the positive control) followed by chicken breast (97.5%), homemade 
cheeses (93.7%), beef steak (90.6%) and beef patties (84.4%). AI-2 activity was almost 
totally inhibited by sodium propionate while sodium benzoate caused a 93.3% inhibition 
as compared to 75% inhibition by sodium acetate. Sodium nitrate did not have any 
appreciable effect even at 200 ppm.   
 
A NON-INDOLE-BASED AIRBORNE QUORUM SENSING MOLECULE CAN 
CONFER TETRACYCLINE TOLERANCE IN PHYSICALLY SEPARATED 
ESCHERICHIA COLI AND SALMONELLA NEWPORT  
Using bi-partite Petri plates, induction of tolerance to tetracycline was observed in 
Tets E. coli and Tets S. Newport when either E. coli, or S. Newport, or E. coli MDAI2 
(luxS::Tcr) was used as the signaling population. However, no tolerance induction was 
observed in Tets E. coli or Tets S. Newport when cell-free supernatants (CFS) were used 
as the signaling molecule. Induced colonies exhibited morphological differences on 
tetracycline-supplemented agar.  A non-indole, non AI-1 and non-AI-2 based quorum 
sensing system thus also exists for communication between E. coli and S. Newport 
through an airborne molecule. 
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CHAPTER IX 
CONCLUSIONS 
1. Natural isolates of E. coli produce AI-2 in the presence or absence of sub-
therapeutic antibiotic stresses. These results provide evidence that subjecting a 
Tets E. coli strain to sub-therapeutic tetracycline exposure will enhance AI-2 
activity in these cells. The enhanced AI-2 activity can protect the cells from 
tetracycline stresses and lead to the development of tetracycline-tolerant cells, 
which may provide for genetic transfer events. 
2. AI-2 molecules (a key signal in bacterial quorum sensing) are presented though 
transiently within the microbial consortia in the ceca of young chicks. AI-2 
activity can increase within these consortia depending on the type antibiotic that is 
administered.  
3. AI-2 molecules enhance the transcription of trbC (at least one gene) and also 
enhance conjugal transfer frequency of plasmid RP4 carrying tet(A) among E. 
coli strains. 
4. Certain vegetable produce, foods and food ingredients have elevated levels or 
reduced levels of AI-2 activity or, in some case can inhibit AI-2 activity. 
5. A non-indole, non AI-2-based airborne signaling molecule(s) appears to be 
capable of inducing E. coli tolerance to tetracycline. The ability to induce this 
tolerance seems to be distance dependent (based on the size of the colonies from 
the divider between the two populations.  
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